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The Fourth Industrial revolution has further increased the need for reliable power supply. 
Electricity is highly needed for development across all sectors. Undoubtedly, a ceaseless supply 
of electricity is imperative and beneficial for all. Power interruptions, brownouts, and power 
failures have repercussions on society and economies. Consequently, they result in unpleasant 
human situations together with substantial losses within sectors such as health, education, and 
industrial facilities necessitating constant electricity. The electricity access deficit in the world 
clearly needs to be addressed. Consequently, automatic transfer switches (ATSs) emerged with 
the adoption of distributed generation, renewables, and standby systems into the power grid. 
Their adaptability in distribution stations of power systems ensures an uninterrupted supply of 
electrical loads, especially during power failures. However, the available ATSs in the market 
have long switching speeds and are costly due to the numerous components used in their design. 
This research continues the efforts made to ensure a ceaseless supply of electricity by reducing 
the time taken by ATSs to switch from utility sources to alternate power sources. In addition, 
we will attempt to design and implement an ATS that is cost-effective. Therefore, to achieve 
these goals and to maximize the uptime of electrical loads, we propose the design of an 
automatic transfer switch (ATS) for power transfer applications and in line with UL 
(Underwriters Laboratories) 1008 Standard. UL 1008 Transfer Switch Standard provides 
directives in designing an ATS and its applications. In the event of a power outage, the designed 
ATS ensures switching and power transfer between two power sources: hydroelectric (main) 
and solar (alternate) sources in case of interruptions, blackouts, or power outages. The ATS 
design is based on an Arduino Mega 2560, triacs, LEDs, as well as an LCD, SD card, Bluetooth, 
and GSM modules. The proposed ATS design achieves a 2.58 msec high-speed switching when 
transferring power from the hydroelectric to the solar source. Comparatively, the designed ATS 
is faster than previous designs. The Arduino Mega 2560 was chosen because it can support all 
the ATS modules. The Arduino Mega 2560 was linked to all the ATS modules and it efficiently 
handled the combined system functionalities required for the automatic operation of the ATS. 
Similarly, we utilized triacs (semiconductor switching devices) to achieve high-speed 
switching and the transfer of power from the hydroelectric supply to the solar supply. The 
LEDs and LCD perform a signalization role by indicating the state of the ATS at all times. 
Moreover, the collection of data on the operation of the ATS system is vital for future 
optimization. Thus, this system’s generated data is constantly stored in the SD card. The 
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Bluetooth modules ensure wireless connectivity between the ATS and a mobile device, and the 
GSM module is for short messages (SMS). The results prove the functioning of the designed 
ATS which ensures the transfer of power between the two power sources with switching speeds 
less than 2.58 msec during blackouts or power failures. Furthermore, the ATS is a reliable, fast, 
and automatic system capable of protecting its internal components from surges. The proposed 
ATS is validated based on simulations and the results show that the proposed ATS is promising. 
Keywords: automatic transfer switch, microcontroller, power sources, power transfer, 





I wish to express my deepest gratitude and admiration to my supervisors Prof. Yanxia Sun and 
Dr. Ima Essiet. Your availability, expertise, professionalism, guidance, and encouragement 
were unparalleled and of great value as they helped to keep me motivated at all times. I am 
extremely grateful for your efforts which led to the successful completion of this dissertation. 
Without your valuable and persistent input and feedback, the goal of this research work would 
not have been realized. 
I also wish to thank the University of Johannesburg and its staff members from entities such as 
the UJ Library, the Postgraduate School, and the Faculty of Engineering and Built 
Environment, for their proficient resources and considerate guidance and assistance, which was 
pivotal in the completion of my project/innovation and dissertation. 
 
Special gratitude to my family: My parents, brothers, and sister for the unwavering support and 
unconditional love. As a collective, you all kept me grounded as a person and you effortlessly 
anchored me from the beginning of my Masters’s research, up till the end. And this work, not 
only stands as a symbol of my passion for African innovation through engineering but also as 
a token of love for all of you, as your amazing and varied inputs and perspectives always 
opened me up to greater knowledge, enlightenment, and resoluteness which amalgamated into 
this research. 
 






















LIST OF PUBLICATIONS 
 
 
1. M. Alembong, I. Essiet, and Y. Sun, “Swift Automatic Transfer Switch based on 
Arduino Mega 2560, Triacs, Bluetooth and GSM.” (Accepted Conference Paper in the 






TABLE OF CONTENTS 
DECLARATION ..................................................................................................................................................... i 
ABSTRACT ........................................................................................................................................................... ii 
ACKNOWLEDGEMENT ..................................................................................................................................... iv 
DEDICATION ....................................................................................................................................................... v 
LIST OF PUBLICATIONS ................................................................................................................................... vi 
TABLE OF CONTENTS ..................................................................................................................................... vii 
LIST OF TABLES................................................................................................................................................. xi 
LIST OF FIGURES .............................................................................................................................................. xii 
LIST OF ABBREVIATIONS .............................................................................................................................. xiv 
CHAPTER 1. INTRODUCTION ......................................................................................................................... 1 
1.1 Background ....................................................................................................................................... 1 
1.2 Problem Statement ............................................................................................................................ 3 
1.3 Impact of automatic transfer switches in power supply reliability. .................................................. 4 
1.4 Motivation of the Study .................................................................................................................... 6 
1.5 Aim and objectives ........................................................................................................................... 6 
1.6 Research Questions ........................................................................................................................... 7 
1.7 Scope of Research ............................................................................................................................. 8 
1.8 Delimitation of Study........................................................................................................................ 8 
1.9 Ethical Considerations ...................................................................................................................... 9 
1.10 Significance of the study ................................................................................................................... 9 
1.11 Dissertation Layout ........................................................................................................................... 9 
CHAPTER 2. LITERATURE REVIEW ............................................................................................................ 11 
2.1 Introduction..................................................................................................................................... 11 
2.2 Overview of power systems ............................................................................................................ 11 
2.2.1 Power Grids and delivery systems.............................................................................................. 12 
2.2.2 Related concepts to power systems ............................................................................................ 15 
2.2.3 Sources of the electric energy ..................................................................................................... 16 
2.2.4 Global warming and carbon emissions ....................................................................................... 17 
2.3 Renewable Energy in power systems ............................................................................................. 17 
2.3.1 Developed Countries .................................................................................................................. 18 
2.3.2 Developing Countries ................................................................................................................. 18 
2.3.3 Government, economy, and stakeholders ................................................................................... 19 
2.4 ATS Key Concepts ......................................................................................................................... 19 
2.4.1 Transition Types ......................................................................................................................... 20 
2.4.2 Switching Mechanism ................................................................................................................ 22 
2.4.3 Control Devices .......................................................................................................................... 22 
2.4.4 Modes of operation ..................................................................................................................... 23 
2.4.5 Reliability ................................................................................................................................... 24 
viii 
 
2.4.6 Protection ................................................................................................................................... 25 
2.4.7 Risk Assessment ......................................................................................................................... 26 
2.4.8 Application and Cost .................................................................................................................. 26 
2.5 Codes and Standards of Transfer Switches ..................................................................................... 27 
2.6 Previous work ................................................................................................................................. 28 
2.7 Deductions ...................................................................................................................................... 35 
2.8 Overview of power semiconductor switching devices .................................................................... 37 
2.8.1 Control of semiconductor switching devices .............................................................................. 38 
2.8.2 Classification of semiconductor switching devices .................................................................... 38 
2.8.3 Examples and description of semiconductor switching devices ................................................. 39 
2.8.4 Comparison of semiconductor switching devices ...................................................................... 41 
2.8.5 Effect of semiconductor devices in very high power applications ............................................. 41 
2.9 Triac: Triode for Alternating Current or Triode AC Switch ........................................................... 42 
2.9.1 Symbol ....................................................................................................................................... 43 
2.9.2 Operation .................................................................................................................................... 43 
2.9.3 I/V characteristics. ...................................................................................................................... 45 
2.9.4 Application of triacs ................................................................................................................... 47 
2.10 Conclusion ...................................................................................................................................... 47 
CHAPTER 3. RESEARCH METHODOLOGY ................................................................................................ 48 
3.1 Research approach .......................................................................................................................... 48 
3.2 Research Methods ........................................................................................................................... 49 
3.3 Design Components of an Embedded System ................................................................................ 50 
3.3.1 Hardware .................................................................................................................................... 50 
3.3.2 Software ..................................................................................................................................... 51 
3.3.3 Real-time operating system (RTOS) .......................................................................................... 51 
3.3.4 Application ................................................................................................................................. 52 
3.4 Designing an Embedded System .................................................................................................... 52 
3.4.1 Bottom-up design methodology ................................................................................................. 53 
3.4.2 Top-down design methodology .................................................................................................. 54 
3.5 Planning and organization .............................................................................................................. 56 
3.6 Proposed ATS system Design ......................................................................................................... 57 
3.7 Analysis .......................................................................................................................................... 57 
3.7.1 Constraints .................................................................................................................................. 58 
3.7.2 Requirements .............................................................................................................................. 59 
3.7.3 Assumptions ............................................................................................................................... 62 
3.8 High-level design ............................................................................................................................ 62 
3.9 Engineering design ......................................................................................................................... 65 
3.9.1 Software scheme......................................................................................................................... 66 
3.9.2 Hardware Interfacing .................................................................................................................. 66 
3.10 Conclusion ...................................................................................................................................... 67 
ix 
 
CHAPTER 4. INTERFACING AND IMPLEMENTATION OF THE PROPOSED ATS. ............................... 68 
4.1 Introduction..................................................................................................................................... 68 
4.2 Proposed ATS System .................................................................................................................... 68 
4.3 Power supply modules .................................................................................................................... 69 
4.3.1 Transformer ................................................................................................................................ 70 
4.3.2 Rectifier diodes........................................................................................................................... 71 
4.3.3 Filtering capacitor ....................................................................................................................... 71 
4.3.4 Voltage regulator ........................................................................................................................ 73 
4.4 Overvoltage protection module ....................................................................................................... 73 
4.5 Monitoring modules ........................................................................................................................ 75 
4.6 Microcontroller module .................................................................................................................. 76 
4.6.1 Choice of microcontroller........................................................................................................... 76 
4.6.2 Programming Language ............................................................................................................. 78 
4.6.3 Choice of compiler ..................................................................................................................... 78 
4.6.4 Interfacing the Arduino Mega 2560 ........................................................................................... 79 
4.7 Power transfer or switching module ............................................................................................... 80 
4.8 Electrical Loads .............................................................................................................................. 81 
4.9 Design of feedback module ............................................................................................................ 81 
4.10 Display and Signalization modules ................................................................................................. 83 
4.11 Storage and Wireless Connectivity modules .................................................................................. 83 
4.12 Implementing the ATS system in Proteus Software (v. 8.9) ........................................................... 84 
4.13 Simulation ....................................................................................................................................... 87 
4.14 Conclusion ...................................................................................................................................... 87 
CHAPTER 5. TESTS, RESULTS, AND DISCUSSIONS ................................................................................. 88 
5.1 Introduction..................................................................................................................................... 88 
5.2 Functional testing, analysis, and validation .................................................................................... 88 
5.2.1 Flow chart ................................................................................................................................... 89 
5.3 System testing, analysis, and validation.......................................................................................... 90 
5.4 Performance evaluation .................................................................................................................. 92 
5.4.1 Operating Scenarios ................................................................................................................... 92 
5.4.2 Switching .................................................................................................................................... 94 
5.4.3 Comparison of results ................................................................................................................. 96 
5.5 Conclusion ...................................................................................................................................... 97 
CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS ...................................................................... 98 
6.1 General Conclusion......................................................................................................................... 98 
6.2 Recommendations ........................................................................................................................... 98 
6.2.1 Additional features ..................................................................................................................... 98 
6.2.2 Installation and application ......................................................................................................... 98 
6.3 Future work ................................................................................................................................... 100 
REFERENCES ................................................................................................................................................... 101 
x 
 
Appendix A ........................................................................................................................................................ 107 
State of the overall ATS operating in scenario 2 with the SPS supplying the lamp. .......................................... 107 
Appendix B ......................................................................................................................................................... 108 
State of the overall ATS in scenario 3, neither the HPS nor SPS supplies the lamp. ......................................... 108 
Appendix C ......................................................................................................................................................... 109 
Initial turn on waveform of traic 1 to supply the lamp. ...................................................................................... 109 
Appendix D ........................................................................................................................................................ 110 
Switching waveform of triac 2 after a power failure. ......................................................................................... 110 
Appendix E ......................................................................................................................................................... 111 







LIST OF TABLES 
 
 
Table 2.1. Components of a power grid ................................................................................... 13 
Table 2.2 Modes of Operation ................................................................................................. 24 
Table 2.3. OT and CT Application Examples .......................................................................... 26 
Table 2.4. Components used in the ATS design of each previous work. ................................ 34 
Table 2.5. Combinations of carrying blocking and blocking voltage ...................................... 38 
Table 2.6. Classification of semiconductor switching devices ................................................ 39 
Table 2.7. Description of semiconductor switching devices ................................................... 40 
Table 2.8. Comparison of semiconductor switching devices .................................................. 41 
Table 2.9. Designation of the four quadrants and direction of current flow in triacs .............. 44 
Table 2.10. Operating modes and polarity of triac terminals [68] ........................................... 45 
Table 2.11. I/V parameters of triacs ......................................................................................... 45 
Table 3.1. Requirements and constraints of an embedded system’s design process ............... 55 
Table 4.1. Typical electrical quantities monitored by the ATS ............................................... 75 
Table 4.2. Features of the Arduino Mega 2560 [91] ................................................................ 77 
Table 4.3. Types of compilers.................................................................................................. 78 
Table 4.4. Description of LEDs ............................................................................................... 83 
Table 5.1. Functional testing and Results ................................................................................ 90 
Table 5.2. System testing and results ....................................................................................... 91 
Table 5.3. Truth Table of the ATS system............................................................................... 92 












LIST OF FIGURES 
 
Figure 1.1. SSA Population (number) without access to electricity [11] .................................. 3 
Figure 2.1. Structure of a power system [20] ........................................................................... 12 
Figure 2.2. Smart grid [24] ...................................................................................................... 14 
Figure 2.3. AC and DC waveforms ......................................................................................... 15 
Figure 2.4. Energy Sources ...................................................................................................... 16 
Figure 2.5. Schematic of a typical transfer switch ................................................................... 20 
Figure 2.6. The transitions of an ATS [32] .............................................................................. 21 
Figure 2.7. Reliability analysis ................................................................................................ 25 
Figure 2.8. Switching circuit by Hassan et al. [49] .................................................................. 31 
Figure 2.9. STS relay switching circuit [50] ............................................................................ 32 
Figure 2.10. The topology of the fast switch [51].................................................................... 32 
Figure 2.11. SSCB as Automatic Transfer Switches [52] ....................................................... 33 
Figure 2.12. Examples of power semiconductor devices available in the market [66] ........... 42 
Figure 2.13. Symbol and equivalent structures of a triac ........................................................ 43 
Figure 2.14. The four quadrants of triacs, triggering behavior, and current flow [70] ............ 44 
Figure 2.15. The first and third quadrant turn on states [71] ................................................... 46 
Figure 3.1. DSR steps and outputs [73]. .................................................................................. 48 
Figure 3.2. A typical form of an embedded system ................................................................. 50 
Figure 3.3. Typical bottom-up design approach [79] .............................................................. 53 
Figure 3.4. Typical top-down design approach [79] ................................................................ 54 
Figure 3.5. The abstraction of the proposed ATS .................................................................... 63 
Figure 3.6. Proposed ATS data flow graph.............................................................................. 64 
Figure 3.7. Call graph of the proposed ATS system ................................................................ 65 
Figure 4.1. Block Diagram of the proposed ATS .................................................................... 69 
Figure 4.2. Rectified DC voltage ............................................................................................. 70 
Figure 4.3. Overvoltage protection .......................................................................................... 74 
Figure 4.4. Power supplies and load interfacing using Arduino Mega 2560 ........................... 79 
Figure 4.5. Triac and load interfacing to the Arduino Mega 2560 .......................................... 80 
Figure 4.6. Feedback on the supply of the load ....................................................................... 82 
Figure 4.7. Proposed ATS system design in Proteus 8.9 software .......................................... 86 
Figure 5.1. Flowchart of the ATS system ................................................................................ 89 
xiii 
 
Figure 5.2. The state of the ATS in (a) Scenario 1, (b) Scenario 2 and (c) Scenario 3 ........... 93 
Figure 5.3. The waveform of triac 1 (blue) conducting when initially supplying the lamp with 
the HPS .................................................................................................................................... 95 
Figure 5.4. The waveform of triac 2 (green) conducting after a power failure and supplying 
the lamp with the SPS .............................................................................................................. 96 





LIST OF ABBREVIATIONS 
 
AC   Alternating Current 
APS   Alternate Power Supply 
ATS   Automatic Transfer Switch 
CAD   Computer-aided Design 
CT   Closed Transition 
CTTS   Closed Transition Transfer Switch  
DC   Direct Current 
IC   Integrated Circuit 
HPS   Hydroelectric power source 
I/Os   Inputs and outputs 
IoT   Internet of things 
LCD   Liquid Crystal Display 
LED   Light Emitting Diode 
MPS   Main Power Supply 
MCU   Microcontroller 
OT   Open Transition 
OTTS   Open Transition Transfer Switch 
PLC   Programmable Logic Controller 
SPS   Solar power source 
SSA   Sub-Saharan Africa 
UL   Underwriters Laboratories 
UPS   Uninterruptible Power Supplies 
1 
 
CHAPTER 1. INTRODUCTION 
1.1  Background 
The challenges of development in the energy and power sector within all parts of Sub-Saharan 
Africa (SSA) are unmatched with other parts of the world. Africa remains one of the most 
underdeveloped continents. However, its rate of industrialization has been one of the most 
significant and rapid in the whole world [1]. Despite its high level of poverty and its steady 
economic growth, the region continues to promote extensive scientific and technical research, 
and a growing labor force to support industries. In addition, recent innovations continue to 
improve the quality and standard of life. For instance, the generation of energy from renewable 
energy resources through the efficacy of automation technologies ensures additional energy for 
domestic use and the economy. This additional energy increases production outputs and 
reduces operating costs in the industrial sector. Thus, innovations in renewable energy 
resources will sustain the future of the energy sector and improve the living standards in SSA. 
Statista reports that SSA grew by 2.66 percent between 2018 and 2019 [2]. This indicates rapid 
and consistent growth across the region. In the United Nation’s 2017 report on the Drivers of 
Migration and Urbanization in Africa, it is reported that “more than 50% of the world’s 
population is now living in urban areas” [3]. The study foresees a 75% increase in the 
population rate by the year 2050. This increase results in a corresponding migration increase. 
For example, more people migrating from poorer countries or the migration of the local youth 
from their rural villages to cities. Migration is also increased by various economic and 
environmental factors such as severe climate change and slum conditions. These factors are 
“characterized by a combination of tenuous dwelling structures, overcrowding, and lack of 
access to adequate water and sanitation facilities” [4]. Consequently, this temporal but 
debilitating state of existence results in societal tensions. Whereby, people end up choosing to 
escape the catastrophic effects of their poverty laden communities, in search of better 
opportunities such as access to wealth, education, and improved healthcare.  
The rate of urbanization is also projected to rise from 40% in 2015 to 56% in 2050 [5].  This 
will further cause rapid industrial growth, posing a significant threat to the environment, the 
economy, and most importantly the energy and power sectors. This rise is due to the need to 
keep up with the ever-expanding population and its intense technological demands in an era 
marked by artificially intelligent systems, and better known as the Fourth Industrial Revolution. 
This era as a continuation of the First, Second, and Third Industrial Revolutions, which started 
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around the late 1700s in Europe and the West, has metamorphosed in innovation with each of 
its stages. These revolutions have gradually advanced the face of the world from an agrarian 
society surviving on manual labor and farming to the development and use of mechanics and 
steam, to the creation of electricity and the invention of extensive digital technologies. 
Moreover, the technologies of the 4th Industrial Revolution are set out to push the boundaries 
of biological robotics and artificial intelligence within the space of “the internet of things” [6] 
and increase living standards. On a wider scale, this “refers to the control, security, and robust 
design features of platforms that support mission-critical systems. Examples include onboard 
controls for automated vehicles, medical automation in surgery and cancer research as well as 
national energy and utility infrastructure” [6]. Despite the urgency of this phenomenon across 
the world, Africa’s scarcity of electricity has weakened the continent’s economic subsistence 
and prohibited it from achieving its education, health, and industrial development goals. 
“Causes of this scarcity include lack of generation capacity to supply power to grid-connected 
regions, absence of proper grid infrastructure to deliver this power, regulatory impediments to 
providing steady revenue to maintain and invest in new generation capacity, and disparity of 
population in remote areas” [7]. 
Regarding access to energy, around 1.4 billion people globally were devoid of electricity until 
2012 [8]–[10]. Significant progress in electrification has been achieved according to published 
data from IEA’s 2016 World Energy Outlook. That is, as of 2016, the number reduced to less 
than 1.1 billion and by 2017 only 860 million people were without electricity access. The 2017 
drop is considered a record in recent years as it fell below 1 billion people. It is also important 
to note that most people struggling with access to electricity are in developing countries. Today, 
out of the 860 million people globally lacking electricity, more than two-thirds are in Africa. 
In Sub-Saharan Africa (SSA), an estimated 600 million citizens require electricity [11], [12]. 
Indeed, developing countries especially Africa must accelerate their electrification efforts to 
meet the International Energy Agency’s target: the Sustainable Development Goal 7 (SDG7), 
and the UN’s “Sustainable Energy to All (SE4All)”. Initiatives that are solely aimed at over-
turning the electrical energy deficit by the year 2030  [11], [13]. 
The SSA global share, however, has been preluded and propelled by the ever-growing electrical 




Figure 1.1. SSA Population (number) without access to electricity [11] 
Figure 1.1 shows SSA’s population without access to electricity and it is caused by unreliability 
in the generation and supply of electrical power among others. The indicated countries are 
examples of those that continue to make significant progress in increasing electricity access 
despite several challenges. Nevertheless, the IEA forecast a little reduction in SSA’s population 
without access to electricity by 2030. Due to the rise in population growth and incapacity of 
the currently available grids to account for the rise. This is a pertinent issue that must be 
accounted for, therefore efforts and policies must be set up in this regard. 
1.2 Problem Statement 
The disruptions and power failures in the supply of electrical power to consumers continue to 
have negative repercussions on mankind’s living standards, corporations, and economies. For 
instance, difficulty accessing education and healthcare facilities, disruption of industrial 
processes as well as information and financial losses among others. Also, power supply 
insecurities are detrimental to investments especially those that foster innovation and the 
development required to boost African economies. The frequent occurrence of power outages 
on utility supplies encouraged the use of alternative sources and the implementation of 
distributed generation in power grids. Therefore, the need to safely and swiftly transfer 
electrical power from emergency or standby sources needed during power disruptions or 
failures is imperative. Our proposed solution in this regard is the design of an automatic transfer 
switch (ATS) with surge protection to safely effect power transfer during situations of utility 
failures. Currently, designers and manufacturers of ATS face two major challenges: the time 
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taken to switch from one power source to another and power surges yielding to possible ATS 
or load destruction. Therefore, it is important to solve them since developing countries require 
efficient ATS in the implementation and alternating of emergency sources during power 
outages. 
1.3 Impact of automatic transfer switches in power supply reliability. 
The incapacity and inconsistency of the state and their public service providers in responding 
to the demand of the population through their energy supply utilities, has necessitated the call 
for emergency and alternate power supplies including renewable energy sources. Which serves 
as a means of constant power supply in cases of electrical blackouts. Consequently, power 
generating technological systems, although self-dependable in their functioning, often lose 
utility power.  In turn, delineating the need for automatic transfer switches to remedy this 
situation through the transfer of different sources of power to the loads. 
This research is meant to provide an insight towards understanding the need for improved 
energy systems amidst a rapidly evolving technological era, in a continent failing to meet the 
manual demands of its energy sector. This is due to high costs of energy production and an 
irregular dispensation of electricity. This study aims to improve and enhance this innovation 
through the redesign and realization of a cost-effective, economical, and fast performing (ATS) 
for African domestic and industrial application and development. It will be streamlined to 
minimize the duration of interruptions of power supply to electrical loads and do so at a lower 
cost of production. 
The rise of automation technologies and systems throughout the world has created the need for 
electrical power supplies to be automated for the systems to function cohesively and as a 
reliable unit.  The rate of power outages or ‘load shedding’  which is defined as a final resort 
taken to prevent a complete breakdown of a countries power supply by service providers is 
predominantly high across Africa. This poses a severe risk to the health, mining, educational, 
and various sectors which are dependent on an ongoing power supply in their daily operation. 
Due to a peak rate in electricity usage, and an ongoing demand which is insurmountable for 
suppliers, a decision is taken to cut and limit the supply in certain areas. This presents itself as 
a complete electricity blackout, which often takes hours or days to restore. The adaptation and 
reconfiguration of the widely used ATS system are therefore imperative in interceding during 
this electrical interruption. Allowing for a swift and efficient transition and operation of 
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industrial technologies, thus minimizing the danger and need for human intervention in 
industrial plants. 
As a basic component, a transfer switch is a device that transfers electrical power from one 
source to another and vice versa. It is equally capable of isolating these power sources should 
power surges or overvoltage situations occur. Manual transfer switches existed before the 
concept of automatic transfer switches came to light. The former requires electrical personnel 
for its operation thereby making it unsuitable in commercial and industrial applications as 
prolonged transfer time is a major issue. In other words, the unreliability issues surrounding 
their operation by electrical personnel could lead to significant losses (e.g. data, financial, 
human life). Especially in critical facilities such as healthcare, industrial and financial 
institutions requiring uninterrupted electricity supply [14]. Consequently, the invention of the 
automatic transfer switch was a result of the need to overcome the setbacks of the manual 
transfer switches. 
An automatic transfer switch (ATS) plays the role of an interface amidst different energy 
sources. It does so by using automatic controls to sustain an ever-flowing electrical supply to 
electrical loads. The process involves automatically utilizing the common supply of a normal 
load and transferring this to an alternative supply in the case of the normal supply shutting 
down [14], [15]. Once the normal supply becomes available again, an automatic switching 
action occurs once more and the normal supply is restored and used as the main power source. 
The ATS system encompasses two important and integrant-parts, one being an electrical 
double-throw switch and a controller. Key controller functions include voltage sags 
monitoring, control signaling, timing delays, and switch mechanism operation. Elements and 
operations such as control signaling, monitoring of voltage sags, time delays, and switch 
mechanisms are the main functions executed by the key controller. Because of the strength of 
the power utility line, the switch is normally able to sense an incoming power failure and it 
responds by transmitting a signal to the alternate supply to initiate and resume operation. 
Consequently, the automatic transfer switch disconnects from the principal supply originating 
from the utility companies. Then opting to transfer the connected loads to the alternate supply. 
The status of the utility power source is monitored by the switch at all times until it is ready to 
be restored. When the normal supply is restored, the switch delays its connection for a few 
seconds to positively render its voltage stable. Thereafter,  a signal is sent to close down the 
alternate supply to ensure the safe transference of the loads to the normal supply [14]. The ATS 
controller interprets whether to transfer loads by measuring the quality and aspects of the 
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incoming power such as the phase angle, frequency, and voltage. In the broadest terms, the key 
controller contrasts between the user-defined ranges of the incoming power and the same 
properties measured by the system, to evaluate the acceptability of a source. If more than one 
of the values is out of context in terms of its power/source range, then the power source will be 
deemed invalid. However, based on the condition of the sources, the controller is likely to begin 
a systematic adjustment and divert the load to its original power supply.  
1.4 Motivation of the Study 
In an era dominated by the rise of the 4th Industrial Revolution throughout the world, there is 
a much greater demand for electricity accessibility and efficiency with technology and its 
power sources. A consistent supply of electrical power is one of the necessities of the 21st 
Century. Since some of the most crucial sectors are electrically driven, its degeneration poses 
severe risks to people’s lives and technologies that are connected to the grid. Over the years 
Sub-Saharan Africa has experienced a devastating rate of power outages due to its generation 
capacity being disproportionate to the population’s consumption. Nevertheless, a lot of effort 
and work is done to meet recent economic and societal energy needs in a way that is sustainable 
in the future [16]. Urbanization and population growth rate in developing countries are directly 
proportionate to electrical power demands. Unfortunately, multitudinous challenges faced in 
this sector impede power utility providers from adequately generating and transmitting required 
amounts of energy to end-users. Over time this situation led to the expansive research and 
adaptation of other generation sources to account for the demand. Accordingly, manual transfer 
switches were created to assist users in transferring the power generated from the newer energy 
sources. A new stumbling block arose with the unreliability of human effort in operating the 
manual transfer switches. This primarily due to a lack of experts, the dangers of having people 
carry out the transfer of electrical sources, and the unexpected blackouts which occurred in the 
absence of technicians. Further research here proved that automatic transfer switches are 
beneficial due to their automatic capability. This advantage enables ATS to automatically 
switch from the main utility feeders to alternate electrical power supply sources, thus 
overcoming some issues of manual transfer switches. Therefore, a lot more research work must 
be carried out to enhance fast, safe, and reliable automatic transfer in ATS systems. 
1.5 Aim and objectives 
The goal of this research study is to continue current research efforts made in the designing and 
modeling of automatic transfer switches required to minimize the duration of interruption to 
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electrical loads in developing countries. We shall implement a low-cost high-speed ATS 
efficiently protected from surges using electronics.  
The major objectives are to design a low-cost ATS for implementation in developing countries, 
minimize the time taken by the ATS to switch from the utility power source to an alternate one, 
and efficiently protect the designed ATS from power surges and other electrical disturbances. 
For all these to be achieved, specific modular design objectives identified below must be 
attained while making use of a design science research (DSR) methodology and the top-down 
design methods for the ATS system design. They include: 
 Design an ATS based on the open transition (break-before-make) scheme. 
 Automatically initiate and transfer (or switch) electrical power under full-rated load 
conditions from the main power supply (source 1) to the alternate power supply (source 
2) during the occurrence of a power failure and vice versa upon restoration and stability 
of the main power supply. No switching action should be performed when both sources 
are unavailable. 
 Implementation of traics circuits to achieve high-speed switching between the main 
and alternate power supplies. 
 Prevention of unintentional paralleling of the power sources.  
 Protection against transients; voltage spikes, overvoltage, and surges. 
The ATS will include a microcontroller protected against transient voltages and it shall ensure 
the operation of the transfer switch together with monitoring the two power sources. The high-
speed switching between the sources will be in the design chapters achieved by implementing 
triac circuits interfaced with a microcontroller, the load, and the entire ATS system.  
1.6 Research Questions 
In line with the objectives, the questions below will be answered in this automatic transfer 
switch research:  
 How to design an ATS based on the open transition (break-before-make) scheme. 
 How to automatically initiate and transfer (or switch) electrical power under full-rated 
load conditions from the main power supply (source 1) to the alternate power supply 
(source 2) during the occurrence of a power failure and vice versa upon restoration and 
stability of the main power supply. 
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 How to implement traics circuits to achieve high-speed switching between the main and 
alternate power supplies. 
 How to prevent unintentional paralleling of the power sources. 
 How to protect the ATS against transients; voltage spikes, overvoltage, and surges. 
 Is the switching time between the two power sources ensue within milliseconds? 
 Does the ATS store the operational data of its system? 
 Are the loads dropped when the ATS switches sources while both appear to have 
power?  
 Has the new ATS design been cost-efficient in its construction and is it affordable for 
domestic use? 
 Is it possible to set the source preference for none of the available sources required 
during maintenance? 
 What are the ATS applicable domains and how flexible/adaptable is it for use on 
different kinds of devices or systems?  
1.7 Scope of Research 
This research focuses on the studies and design of a triac-based automatic transfer switch with 
surge protection in Proteus 8.9 Software. The proposed automatic transfer switch design is for 
implementation in developing countries especially those on the African continent experiencing 
frequent power failures, outages, and load-shedding. The software design transfers electrical 
power from the main power supply to the alternate power supply and vice versa during power 
failures. The applicable theories and standards for an ATS design are utilized as well as the 
assumptions and limitations of the study taken into account. The hardware implementation 
shall be realized in the future. 
1.8 Delimitation of Study 
Smart Manufacturing and Industrial Internet of Things (IIoTs) have occasioned forward-
thinking manufacturers to embrace and adopt new capabilities in managing direct relationships 
with customers. Thus, the delimitation of this research is the inclusion of a network unit for 
distant remoting. This includes incorporating a network module in the ATS, the creation of a 
PC control software, a mobile application, and a website for control via the internet 
(Implementation of IIoTs). Furthermore, designing the ATS casing as well as designing an 
ATS for three-phase networks or power sources is beyond the scope of this work. The 
delimitation is for future work. 
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1.9 Ethical Considerations 
This research is meant for innovative purposes and to broaden the available knowledge of 
automatic transfer switches (ATS) role during power outages and their advantageous swift 
automatic transfer operations. Thereof leading to increments in power supply reliability. 
Therefore, it will not impede on previous research methods or standards used in designing 
ATSs. Instead, it brings further innovation to the very core design of this automatic and self-
sufficient ATS system. The study also assists in meeting the continuous growth of electricity 
demands in the world’s current urban and technologically driven time. Further considerations 
such as professional practice and design of safe products shall equally be noted from the IEEE 
recommended standard for addressing ethical concerns during system design [17]. 
1.10 Significance of the study 
The theoretical and technical elements of this research are meant to broaden the available 
knowledge base on a reliable power supply to end-users. There is still a huge gap in the African 
Power Sector as various challenges faced here prevent a steady power supply to electrical loads. 
The research is meant to enhance the functionality of automatic control systems and minimize 
the duration of interruption of power supply to electrical loads. This will be achieved through 
the “design and realization of a Triac-based Automatic Transfer Switch (ATS)” for African 
domestic and industrial application and development. Therefore, the research is highly 
imperative as the constant supply of electrical power will progressively need to satisfy the 
demands of the fast-growing population in Sub-Saharan Africa and the world at large. Thus 
enabling individuals, companies, and governments to retain a good flow of activity even amidst 
power outages. This ATS will ensure that there is ergonomic security in the use of technologies. 
Therefore, boosting the economies in the continent, empowering them technically/practically 
to work faster, efficiently, and save more power and capital in the process. 
1.11 Dissertation Layout 
This dissertation comprises the following chapters: 
Chapter 1: “Introduction” discusses and breaks down the empirical issues of the research. The 
topics included are background, the impact of automatic transfer switches in power supply 
reliability, motivation, the problem statement, aims and objectives, research questions, 
delimitation of the study, ethical considerations, and significance of the study. They all provide 
10 
 
the reader with the researcher’s structural framework, perspective, and goal in implementing 
the purpose and hypothesis of their research. 
Chapter 2: “Literature Review” which is made up of key concepts, previous work, and an 
overview of the research methodology which provides an understanding of electrical power 
and the ATS system. 
Chapter 3: “Research Methodology” gives the research approach and the methods followed in 
designing the proposed ATS system. 
Chapter 4: “Interfacing and Implementation of the proposed ATS” entail the analysis and 
design of modules as well as using CAD software to link them and form the overall ATS circuit 
design. 
Chapter 5: “Tests, Results, and Discussions” presents the research findings. Moreover, the tests 
carried out on the designed ATS system and obtained results are discussed.  
Chapter 6: “Conclusions and Recommendations” summarizes the research and presents future 
work which can be conducted. 
 
The high rate of urbanization in Sub-Saharan Africa is continuously met by high rates of power 
outages and an incapacity by utility service providers to meet the demands of its population. 
This has presented the region with a dire need to explore alternate means of consistent 
electrification, not only with the generation of the electricity but also with the technologies 
used to create this stability. This chapter presents our study’s problem statement as faced by 
Africa and other third world countries, as well as the aim and objectives of the research. All of 
which will all guide us in carrying out an accurate qualitative research study necessary and 
required to improve the industrial, commercial, and domestic standards of regions. Thereby 
providing a technology that maintains a constant power supply in Africa, most especially the 





CHAPTER 2. LITERATURE REVIEW 
2.1 Introduction 
Energy is essential and is of core importance to our civilization and to global prosperity. The 
21st Century is an era filled with diverse scientific and educational opportunities, global 
accessibility through transportation, mediated interconnectivity, and information regeneration. 
Living life and striving towards an improved standard of living has been vastly better and 
effective all thanks to the discovery of electricity, and the implementation of its core 
technologies. Without electricity, none of the recent technological breakthroughs which 
continue to shock and shape the world would have been possible. It is an essential part of 
modern life and mankind cannot think of a world without it, for life wouldn’t be what it is 
today. It signifies the great mental and intellectual aptitude of humans and their capacity to 
push the boundaries within science and nature. By so doing achieving that which was 
unimaginable in the history of man.  Overall electricity plays a pivotal role in society including 
fields such as health care and medicine, education, transportation and communication, 
domestic and industrial, economy, and development among others. Across the world, the use 
of electricity increases daily, with greater demand from the ever-growing technological 
population. The lack, thereof, has been proven to have devastating effects across these sectors, 
slowing educational and economic productivity and causing medical complications.  Despite 
electricity being essential to mankind’s needs and daily routines, we must produce and supply 
electricity in the most efficient, reliable, and sustainable ways while keeping the environment 
healthy and pollution-free. 
2.2 Overview of power systems 
Since the advent of the First Industrial Revolution, electricity has grown to become a great 
necessity for all, and life, in general, has come to depend on it, although not entirely. According 
to the American National Academy of Engineering, among others “electricity is the greatest 
engineering fulfilment of the 20th century” [18], [19]. Power systems came to light intending 
to deliver electricity to consumers. Implying, the role of electric power systems is to generate, 
transmit, and distribute electricity. Electricity is harnessed from various forms of energy, 
transmitted to distribution sites, and later supplied to consumers and this is made possible via 
an electric or power grid. Therefore it is a network of connected electrical equipment in which 
three major processes occur. That is the generation, transmission, and distribution of electrical 




Figure 2.1. Structure of a power system [20] 
Electrical energy is valuable due to its transmission and delivery over wide areas, easy 
conversion from one energy form to another, and controllability properties. The flow of energy 
resulting from electron vibrations is known as electricity. 
2.2.1 Power Grids and delivery systems 
The early power systems made by Thomas Edison in the early 1880s delivered electricity by 
using low-voltage direct current. Though operational, these systems, later on, started 
experiencing limitations. This was as a result of only short distance delivery from generating 
sites due to encountered voltage increased or decreased impossibilities. Then arose the need to 
overcome voltage and short distance limitations. Alternating current (AC) was proposed as a 
solution, in turn, it led to implementing the AC system.  George Westinghouse and Nikola 
Tesla advocated for the utilization of alternating current systems in the U.S.A. Their wining 
claim was that unlike DC, high voltages can easily be transported to distant locations and 
retransformed or stepdown to lower voltages where necessary for customer use. Consequently, 
this edge allowed utility companies to construct power systems to transmit electricity in AC 
form over long distances and larger areas. Since electricity must be used at the instant that it is 
produced, utility companies faced challenges in meeting demand with supply, as consumption 
differed by consumer and time as well as the effect of equipment failures. Upon analyses, the 
interconnecting of utility systems proved to be significantly beneficial. Thus improving 
reliability by providing mutual assistance and reducing generating capacity costs [18], [19]. In 
summary, the interconnection increased reliability, flexibility, and redundancy of the electricity 




A power, electric, or electrical grid, “is an interconnected network for delivering readily 
produced electricity to consumers”. It is mainly composed of generating stations, which relay 
to transmission and distribution stations before it reaches communities and homes. To be 
specific, electric power is produced at generating stations, its voltage is step-up at substations 
before being transmitted. Then it’s stepdown at further demand-center substations, and later 
channeled via distribution connected customers (or electrical loads) often over long distances 
from production facilities. Table 2.1 below describes the phases involved in the power grid. 




Production of electricity through centralized or decentralized generation.  
The former involves a distant generation of electricity (large-scale) and 
close to energy sources such as; fossil fuels, wind farms, hydro, etc... The 
latter occurs close to consumption (e.g. solar cells on a rooftop). 
Transmission Transportation of electricity from generation sites to distribution points. It 
is carried out via devices (e.g. transformers, substations, and power lines) 
in a network. Electricity is transmitted over long distances at high voltages 
to reduce or minimized losses. For this reason, substations step-up the 
voltage at generation sites and step it down before distribution.  Power lines 
located overhead or underground are utilized for transmission.   
Distribution Connection of all the consumers in an area to the bulk power sources with 
the primary purpose to supply them. Distribution systems are connected to 
substations via transmission lines and they feed nearby loads situated at 
convenient points.  
Consumption 
(loads) 
Small and large consumers of electricity. Small consumption can be as little 
as 1 watt and large consumption in industrial facilities as high as 10’s of 
millions of watts. Examples of consumers include industrial, commercial, 
and residential.  
 
Interconnecting transmission systems of power systems to the grid saw a shift from liner line 
arrangements (unidirectional flow of electricity) to multilateral arrangements (connecting 
independent generation sites).  With this in mind, multilateral arrangements had to be optimized 
for better reliability. Continuous research efforts made in the power sector and technological 
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advances such as power electronics, SCADA systems, IEDs, novel sensors, enhanced 
measurement equipment, control, information, and communications technologies to name a 
few, led to the birth of the smart grid concept.  
Fan and Borlase defined a smart grid as, “an integrated solution of technologies driving 
incremental benefits in capital expenditures, operation and maintenance expenses, and 
customer and societal benefits”[21]. Being digitally enabled, it analyses and reacts to the 
processed data acquired from the components (state) to ameliorate the electricity services’ 
efficiency, reliability, and sustainability [22]. The smart grid concept facilitates the 
interconnection of DERs; distributed energy resources to the grid. IEEE Standard 1547 




Figure 2.2. Smart grid [24] 
The representation of a smart grid is shown in Figure 2.2. The objectives of smart grids are "the 
provision of a high level of quality, reliability, security, and availability of electric power, 
improve economic productivity and quality of life and minimize environmental impact while 




2.2.2 Related concepts to power systems 
 Alternating Current and Direct current: Unlike DC which is a unidirectional flow of 
current, AC is the periodic flow of electric current in reverse directions; from positive 
to negative and vice versa. The magnitude of voltage current and voltage varies with 







Figure 2.3. AC and DC waveforms 
 Demand (load): The total electric power supplied from a grid to its end users. Minimum 
and maximum demand are known as baseload and peak demand respectively. 
 Brownout: The drop in voltage of a power supply system. It can either be intentional 
or unintentional. The former is used by utility suppliers for load reduction in 
emergencies. 
 Production: In a grid, the sum of all the generators’ power output is referred to as 
production. Its measuring unit is gigawatts (GW). 
 Load shedding: Is the rationing of power due to the inability of power utilities to 
generate sufficient electricity to meet customer demand. 
 Interconnectors: They are a vital aspect of the grid since they permit the 
interconnection and integration of DERs. Thus assisting in complimenting regions with 
low electricity access supplying from different sources. 
 Power outage: It is the unavailability of electric power and it’s equally known as a 
power blackout, power failure, or a blackout. Power outages are caused by either 
equipment faults or human error in any section of the power system. 
 Synchronism: Connection of many generators operating at the frequency (50/60 Hz) to 
a power grid. The stability of generators and angular voltage difference must be less 
than 90 degrees. 
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 Voltage sags: Also called voltage dips, they are a reduction in RMS voltage over a 
minute duration. They are usually as a result of overload or short circuits. Also, the 
operation of electric motors may sometimes lead to voltage sags 
 Storage: The storage of electrical energy on a large scale in devices such as 
accumulators within the electric grid for use at a later time 
 Transmission Losses: the loss of electric power during its transmission from generating 
sites to consumers. 
2.2.3 Sources of the electric energy 
Traditionally, electricity is produced by the use of synchronous turbine generators. These 
generators have dissimilarities for each energy generation source. Electrical energy can be 
harnessed form numerous sources of energy. This process is called electricity generation. 
Electricity can be generated from both non-renewable and renewable sources. Renewable 
energy sources are naturally replenished, some examples are solar, wind, hydropower, 
geothermal, and biomass. On the other hand, non-renewable (or finite) sources cannot naturally 
be replenished over a short period. Examples include fossil fuels (e.g. oil, coal, gas) as well as 
nuclear energy. Figure 2.4 shows the stratification of energy sources. 
Figure 2.4. Energy Sources 
Figure 2.4 depicts energy sources classified under renewable and non-renewable. Despite the 
adaptation of renewable energy sources for electricity generation, fossil fuels remain the 
dominant non-renewable energy sources of the world with coal being the most used. 
17 
 
2.2.4 Global warming and carbon emissions 
Electricity is derived from numerous sources as indicated in Figure 2.4. In contrast to the 
beneficial and significant impact which electricity has on society, its generation equally has 
negative repercussions on the world at large. As such, environmental consequences result from 
the generation of electricity worldwide. The cleanliness of electricity is with respect to its 
generation source. Scientists have a consensus on global warming (continuous temperature rise 
of the earth) as well as carbon emissions. In other words, most of them are attest that the 
generation of electrical power from fossil fuels also results in emissions of pollutants together 
with greenhouse gases. And these emissions which are a call for concern, make up the majority 
of greenhouse gas emissions worldwide and climate changes overall. Upon studies and 
investigation, Intergovernmental Panel on Climate Change (IPCC) deduced that human beings 
are the dominant species influencing climate change [25]. Mitigation efforts such as the use of 
renewable energy sources and low carbon energy technologies must be greatly adopted to 
reduce global warming and carbon emissions especially those caused by fossil fuels. Therefore, 
the generation of electricity from sustainable renewable energy sources must be encouraged. 
2.3 Renewable Energy in power systems 
To date, our societies continue to experience a rapid change in the energy sources and 
associated technologies used to power electrical loads. The emergence and generation of 
electricity from renewables has uncontestably proved to be technologically feasible as well as 
attractive and beneficial to all economies. Renewables which are sustainable assist countries to 
meet the increasing energy demands of corporations and citizens.  According to REN21’s 
Global Status Report, in 2015 renewables accounted for 19.3% of humans' total energy 
consumption. 2016 saw another great increase of renewables; 24.5% and they accounted for 
higher than 26.2% of global production towards the end of 2018 [26]. Moreover, it is important 
to note that, hydropower still made up about 60% of electricity produced from renewables in 
the same year. Meanwhile, wind, solar, and bio-power generation had percentages of 21%, 9%, 
and 8% respectively. REN21 means Renewable Energy Policy Network for the 21st Century. 
Therefore, this continuous increase in the use of renewables to generate electricity results in 
increased energy security. In addition to that, exploiting the planet's abundant sustainable 
energy sources improves the degree of achieving energy independence. For this reason, 
renewables have been globally established as the mainstream source of electricity generation 
[27]. Generally, DC power is produced from the implementation of technology to generate 
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energy from renewables. Consequently, the DC power is converted by inverters into AC 
required for transmission and consumption. Some renewable energy and generation sources 
include: 
 Wind energy with the use of windmills.   
 Waterfalls energy that aids in producing hydroelectric energy. 
 Photovoltaic energy produced by sun rays. 
 Burning/gasification of biomass (organic plant matter) to produce electricity 
 Steam extracted from the earth to form geothermal 
The adaptation and implementation of technologies required to harness electricity from 
renewable sources are primordial. As such the widespread deployment of these technologies 
plays a vital role for a sustainable future on earth including remarkable long-lasting geopolitical 
dynamic effects. 
2.3.1 Developed Countries 
Developing countries continue to embrace and deploy renewable technologies despite them 
being considered by the IEA to have 100% electrification.  The driving reason for this is the 
need to attain a low-carbon, clean, and sustainable future. Renewables are a preferential 
alternative to the traditional energy sources and they are necessary to eradicate the use of fossil 
fuels which have high carbon emissions when generating electricity. As such developed 
countries are currently in a race to achieve 100% electricity generation from renewables and 
completely move away from fossil fuels. For example, the generation of electricity from 
sustainable sources surpassed that of coal for the first time in the U.S in April 2019 as per the 
U.S EIA’s Electric Power Monthly. The outcome of this landmark event shows long-term 
efforts made in increasing renewable generation as well as a decline in coal generation. 
2.3.2 Developing Countries 
The price of electricity is relatively high in developing countries since they principally generate 
electricity from oil and natural gas. These countries have vast renewable energy resources, 
which if fully harnessed shall reduce the dependence on fossil fuels. Of course, it is possible as 
these countries have lots of labor force. As a result, more stable electricity prices will be 
attained, should this be accomplished. Undoubtedly, developing countries must deploy 
technologies to harness electricity from renewables. 
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Population increase is directly proportional to an increase in electricity demand. Since the 
population of developing countries keeps growing, especially that of Africa they must meet the 
resulting rise in energy needs. Definitely, vital for development, the economy as well as the 
future of energy on the African continent and global trends. Also essential to meet Africa’s 
“Agenda 2063”; accelerated economic and industrial development vision [11]. Rural areas in 
developing countries face a lot of challenges to obtain electricity. For instance, the cost is a 
major issue as the supply of electricity to these areas from the grid is not economical. A feasible 
cost‐effective solution is the harnessing of renewables to supply electricity. Furthermore, 
renewables will be a cleaner substitute to kerosene lamps or biomass which are widely used 
here. African counties have and continue to harness renewables to meet the continent's 
electricity demand. Worthy of note is the impressive effort made in Kenya as a greater portion 
of its electricity is generated from renewable energy sources [28]. In short, the deployment of 
cleaner and sustainable energy is significant to the living standards of the inhabitants of 
developing countries. 
2.3.3 Government, economy, and stakeholders 
Nowadays, it is difficult to imagine a society without electricity. The power industry is highly 
significant to mankind, hence economic operations and planning in industries continue to have 
a crucial and favorable outcome to date. Most often decisions with regards to issues concerned 
in this sector are made without the public’s input and minute comprehension of the technical 
and economic problems by policymakers. Overall this affects the reliability of electricity 
delivered to customers. Governmental, technical, technological and business aspects form the 
large and complex electricity industry. Importantly, understanding these aspects of the 
electricity industry together with familiarizing the regulations and policies is required for 
successful energy generation and supply. Therefore, regulatory frameworks the power industry 
extends beyond critical infrastructure policies. 
2.4 ATS Key Concepts 
Reliability studies in the power sector typically focus on the Generation systems, Transmission 
systems, Distribution systems, Interconnected systems, Protection systems, Multi-node 
systems, Industrial and Commercial systems [29]. Automatic transfer switches (ATS) are used 
in energy distribution systems for the proper supply of generated energy originating from the 
generation facilities and sent via the transmission systems to distribution points [30]. Generally, 
automatic transfer switches are installed in the primary or secondary distribution system that 
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feeds branched circuit panels. This location necessitates ATS designs to possess meticulous 
properties to withstand rigorous conditions. Therefore, ATS is a fundamental aspect of standby 
systems, and it has a crucial impact on achieving power reliability [14]. 
 ATSs are beneficial in distribution networks and the implementation of an emergency supply 
of power. Accordingly, integrating emergency sources to power grids is very important with 
ATSs. Being compact assemblies, power transfer switches operate in transferring the supply of 
electrical loads in distribution systems between power sources. As such, they must be reliable, 
rugged, and versatile.  
An electrical switch that makes/creates or breaks a connection between two distinct power 
sources to a load is called a transfer switch. They are of two types; manual and automatic. 
Manual transfer switches are characterized by operators who both initiate and effect power 
transfers. Thus making them naturally require human intervention for their operation. They 
possess operating handles and manual controls. There is typically no controller, voltage-
sensing equipment, or electrical mechanism used to operate the load transfer. On the other hand 
conditions such as the availability or absence of electrical power initiates automatic ones for a 







Figure 2.5. Schematic of a typical transfer switch 
2.4.1 Transition Types 
In manual transfer switches, an operator ensures the changeover action by throwing a switch. 
Control capability in transfer switches is either manual or a dual switch with both manual and 
automatic. Their switch transition mode is either Open Transition (OT); widely used, or Closed 
Transition (CT) [15].  
Utility/ 








a) An open transition transfer switch (OTTS) is responsible for breaking the contact 
from the first source of power (utility) and then establishing contact with another. As a 
result, it is coined the “break-before-make” transfer switch. Consequently, this 
technology prevents the back-feeding of current from the alternate source into the utility 
line. Examples include delay transition switch, open transition automatic transfer 
switch, and a manual three-position switch [31]. 
b) A closed transition transfer switch (CTTS) is also called a ‘make-before-break’ 
transfer switch. It makes contact with one source of power before breaking contact with 
the other. This switch ensures power transfer without load interruption, hence it is best 
for facilitating/supporting loads in which minute power failures are not tolerated. It 
should be noted that the power sources must be synchronized and acceptable. CTTS are 
applicable for loads that don’t tolerate power interruptions or brownouts. Some 
parameters to consider when determining synchronization of CTTS include phase 
angle, frequency, and voltage differences between the sources. A soft load transition 
switch is an example of a CTTS [14], [31]. 
 
Figure 2.6. The transitions of an ATS [32] 
Both alternative switches are distinguishable according to their properties/attributes. Therefore, 
they have advantages and disadvantages which makes them exchangeable, as one switch can 
be ideal for a specific application more than the other. For example, centers of data storage as 
well as healthcare facilities and applications require the closed transition switch [14] to promote 
the continuous flow of emergency electricity/power. Whereas, sites with a significant local 
generation that are prone to increased faults (voltage and current) on utility lines usually 
implement OT systems to counter any damage [15], [33].  
Static transfer switches (STS) use power semiconductors to switch the supply of loads between 
sources. SCRs; Silicon-controlled rectifiers are examples of these devices. The absence of 
mechanical parts in STS permits rapid switching operation, possibly in as small as quarter-
cycles of frequency [14], [34].  
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Bypass-isolation transfer switches are sometimes used for testing and maintenances 
purposes. The aim is to constantly supply the load with power from either power source while 
such operations are performed. It can circumvent the primary transfer switch components 
without interrupting power to the loads. The secondary switching component offers inherent 
redundancy and increases reliability while simultaneously enabling a continuous power supply, 
transfer switch maintenance as well as a switching operation to the alternate source. 
2.4.2 Switching Mechanism 
This physical section of an ATS design is responsible for switching or transferring rated current 
which supplies electrical loads from the main power source to an alternate one. Some switching 
mechanisms include contactor base, molded base, and power frame base. First, the contactor 
based switching mechanism is the most common and most economical [14]. Contactors possess 
an inbuilt electrical coil which must be excited before they operate. Next, a molded based 
switching mechanism involves the use of automatic circuit breakers to interrupt and close 
circuits. And of course, it is possible during stable and abnormal conditions. This is motor 
operated and typically steered via a controller. Also, mechanically operated toggles are equally 
supported. Thus it is suitable for specialized applications. Contactors are advantageous for most 
low-cost applications, unlike automatic circuit breakers which are more suitable for specialized 
applications. Finally, the Power frame switching mechanism is more powerful and larger 
comparatively. It is faster and is designed to handle high currents (5kA), making it specifically 
for industrial applications 
2.4.3 Control Devices 
Designing an ATS product depends on its technical and desired features such as voltage, 
current and phase angle monitoring, load requirements, material cost, and specific application. 
Hence, manufactures have different options for their designed ATS products [14], [15], [31], 
[33]. 
Time Delays: Continuous efforts are being made to reduce ATS Time Delays. These delays 
can be categorized into start time delay, transfer time delay, engine warm-up time delay (in 
generators and coal engines auxiliary supplies) and stop time delay.  Start time delays are meant 
for main power source monitoring to counteract transfer or switching of load during brief 
voltage dips. Should the brief interruption go over the start time delay, then the switch 
procedurally transfers the power supply. Transfer time delay is known as the duration before 
successfully alternating from one power source to another after a blackout to supply the loads 
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and vice versa for retransfer time delay. Engine warm-up time is mostly found in standby 
generators and cold engine applications as well as during load testing. This is the time required 
to warm up the generation engines before the source is transferred to the loads. Stop time delays 
are for the cooling of diesel-based generators. This process is undergone at no-load conditions. 
Phase Monitoring of power supply sources:  When frequency, voltage, and phase angle 
valuables are within the ATS acceptable range, an in-phase monitor permits a switching action 
from main to auxiliary supply and vice versa. Consequently, it carefully keeps track of these 
valuables between the two sources as they are important aspects of initiating switching. 
Metered voltage and frequency sensing ATS controls: This is a desirable feature of ATS 
controls. The feature is equipped with adjustable setting controls for voltage and frequency 
sensing essential for both under and over conditions. Ensuring flexibility in numerous 
applications, and accurate readings of voltage and frequency are displayed. Load metering can 
equally be included in an ATS. Though both are instrumental, an additional cost is incurred for 
their application. 
Withstand closing current rating (WCR): WCR is an important factor in power distribution 
systems. Safety considerations must be noted for WCR when applying an ATS to ensure system 
integrity and reliability. The UL1008 standard “permits transfer switches to be marked with 
one or more short-circuit and/or short-time WCR’s specific to an overcurrent protection device 
type”. Therefore, installation flexibility is possible with automatic transfer switches with 
multiple or a wide range of current ratings. 
Microcontroller: It is a microcomputer built on a single chip. The CPU, memory, and 
peripherals are its three fundamental blocks. These three blocks make it a self-contained system 
disposable for embedded system designs and applications. As such a microcontroller is 
essential and plays a pivotal role in the synchronization of the ATS since it is an embedded 
system. Therefore, the microcontroller becomes part of an ATS design since it is a controller 
to be embedded in the system. The major advantage in this regard is the replacement of human 
effort in ATSs, making it more efficient and self-dependable as the system becomes more 
advanced, yet convenient. 
2.4.4 Modes of operation 
The core motivation of an ATS is its operation to completely relieve human intervention 
during/after a power failure or disconnection by automatically transferring the loads to an 
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alternate power source and vice versa. Transfer switch operation occurs based on the initiation 
and transfer processes. Initiation identifies the need for switching to occur and it may consist 
of a loss of, or inconsistent voltage from, the main power supply. Whereas, the transfer process 
is the switching of power supply from the main to the alternate power source and the other way 
round. There are three ATS modes of operation; manual, non-automatic, and automatic. These 
modes are elaborated in Table 2.2. Swift ATS initiation and operation for power transfer is 
based on characteristics such as voltage and frequency sensing, time delays, switching or 
transfer time, and consideration of the type of distributed networks and electrical loads [30]. 
The logic control unit verifies the state of these characteristics and provides the signals needed 
for the operation of the ATS. It cannot be stressed enough that, there is a need to reduce the 
switching or transfer time to the lowest possible time value. As such a lot of work is still 
required in this regard. Hence, it is one of the objectives of this research.  
Table 2.2 Modes of Operation 
Modes  Operation 
Manual Initiation and power transfer operations are effected manually by an 
operator. Initiation occurs on the ATS and operation is generally achieved 
by either pushing a button or moving a handle present on the ATS.  
Non-automatic Power transfer is manually initiated remotely or on the ATS but the actual 
transfer operation is electrically actuated. That is electromechanical 
devices within the switch ensure transfer and switching mechanism as a 
result of transfer initiation by an operator. Generally, the operator presses 
a button or rotates a toggle for initiation. 
Automatic This mode of operation is characterized by a controller within the ATS 
that fully ensures initiation and transfer operations necessary for power 
transfer. The controller detects unavailability of power and in turn, it 
engenders initiation. Accordingly, the automatic controller triggers the 
switching mechanism to transfer power. 
 
2.4.5 Reliability 
Often ATSs are perceived as prone to failure because they reside in the critical path of 
distribution systems linking both main and alternate power sources. The reliability of ATSs is 
important in preventing failures and effecting successful transfers. Therefore, ATSs must have 
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high reliability. Operation failures decrease the reliability rate. Failures in this context mean 
ATS units that do not transfer when required to or a suggestion of a desirable or necessary 
course of disrepair state which would have prohibited the ATS operation should the condition 
had called for transfer [35]. Terms such as Operating Hours, Mean Time Between Failures 
(MTBF), Failure Rate, Repair Downtime, Mean time to detect or discover (MTTD), Mean 
Time to Repair (MTTR), Weibull Distribution, Inherent Availability (Ai), are used in analytical 
calculations of reliability analysis. They are explicitly defined in the IEEE P30006.7-2013 
standard [36]. Figure 2.7 is a representation of the steps of reliability analysis. 
 
Figure 2.7. Reliability analysis 
2.4.6 Protection 
Ensuring efficient and secure continuity of electricity is a major objective in the energy sector. 
Power systems are liable to defects caused by various environmental factors. Therefore, 
protection against overvoltage, surges, and transients for instance is a mandatory aspect. 
Continuous supply protection schemes are meant to keep a power system stable, isolate faults 
and maintain component operation. Protection devices shield power systems from these issues. 
ATSs are affected by surges, hence they must be efficiently protected. Hotchkiss [37] provides 
application directives to shield ATSs from surges and faults using surge protective devices 
(SPDs). He states that “his paper is intended to be used as a supplement to the direction 
provided in IEEE Std C62.72TM-2007, IEEE Guide for the Application of Surge- Protective 
Devices for Low-Voltage (1000 V or Less) AC Power Circuits” [37], [38]. The use of various 
electronic components in ATS makes it susceptible to surges. These surges are likely to affect 
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operation; causing its system to malfunction. Thus leading to possible destruction or rendering 
it useless.  Given the emphasis placed on facilities and backup systems, reliability it’s crucial 
to effectively protect ATSs from surges. 
2.4.7 Risk Assessment  
Automatic Transfer switches are very susceptible to damage risks from surges and worn-out 
mechanical parts. An efficient protection system that defends the ATS against surges needs to 
be implemented during the ATS design to avoid unnecessary failures or fatal damages. 
Technical risk assessment needs to be continuously executed for designed and modeled ATS. 
Some of the internationally accepted risk management techniques are HAZOP, SWIFT, 
FMECA, and Risk-Based Inspections. They apply to large industries such as mining, power 
generation, and manufacturing.  
2.4.8 Application and Cost 
ATSs are prominent factors in ensuring power continuity to electrical loads from backup power 
systems. Thus, in-depth apprehension of attributes; especially technical ones of the sites; in 
which ATSs will be installed are application prerequisites. These prerequisites define the 
application’s exact specifications and cost consideration. Generally, the application focus is on 
the type of switching transition utilized that is, either an open or close transition. In addition to 
this, it should be noted that special and precautionary attention must be given to the applicable 
loads.  Some categories of loads include normal loads, emergency loads, important loads, and 
critical loads [33]. It is necessary to analyze different load topologies and the functional 
requirements for the technical attributes and ratings to correspond with the particular settings 
of the chosen ATS. In terms of cost, OT switches are predominantly less expensive than CT 
switches. Table 2.3 shows some applicable domains of OT and CT switches. 
Table 2.3. OT and CT Application Examples 
Open Transition (OT) Closed Transition (CT) 
Data centers Healthcare facilities 
Domestic users Finance and Banking 
Inductive motor loads Soft loads 
UPS systems Communication Facilities 




Similarly, ATSs modules vary by application in single-phase and three-phase networks. Some 
application cases in these networks require that the neutral conductor be switched along with 
the three life conductors. In this scenario, the ATS for single-phase applications must be 
configured with a fully-rated identical third pole. By the same token, three-phase power 
applications must be configured using four poles (fully-rated). Accordingly, the four poles must 
operate in the same manner as the corresponding individual life phases. 
Maintenance: Bypass isolation ATSs can be implemented in systems requiring a continuous 
supply of power during maintenance activities. The reason is to improve the overall uptime of 
the system and/or avoid a complete situation of power unavailability. Thus these types of ATSs 
are incorporated with an extra switch for isolation and redundancy making it beneficial in 
critical applications. The ATS ensures the daily supply of the load, whilst the bypass switch 
maintains the continuous power supply during maintenance operations. Occasionally, it is 
possible to draw out and isolate the bypass switch from the system during inspection and testing 
purposes. This also eases maintenance of the ATS as recommended by NFPA 110 code. 
2.5 Codes and Standards of Transfer Switches 
Numerous codes and standards do exist and must be considered during the design, 
development, and application of transfer switches. It should be noted that they are either 
directly or indirectly applicable to transfer switches. Meanwhile, specific portions of them may 
only apply in certain applications. Some of the most applied standards related to transfer switch 
construction testing and applications include: 
 “NFPA 70 National Electrical Code [39]. 
 NFPA 99 Standard for Health Care Facilities 
 NFPA 110 Standard for Emergency and Standby Power Systems 
 IEEE 241 Recommended Practice for Electric Power Systems in Commercial Buildings 
[40].  
 IEEE 446 Recommended Practice for Emergency and Standby Power Systems for 
Industrial and Commercial Applications [41].  
 IEEE 1015 Recommended Practice for Applying Low-Voltage Circuit Breakers Used 
in Industrial and Commercial Power Systems [42], [43].  
 UL 1008 Standard for Transfer Switch Equipment 
 UL 1087 Molded-Case Switches 
 ANSI C37 Low-Voltage Power Circuit Breaker Standard” [44]. 
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2.6 Previous work  
A study and analyses of previous work on transfer switches necessary to avoid errors and 
address difficulties encountered when modeling an ATS follows: 
 In [15] the effectiveness of power transfer for operation in process plants is analyzed. 
Petrochemical plants being the case study, highlighted solutions to some problems faced 
are illustrated to improve power transfer operation. The success rate when using open-loop 
transfer systems in petrochemical plants was increased. Also, the automatic transfer system 
could “quickly isolate the fault, manage the timing of the transfer from the primary to the 
secondary source, and block transfer if the transfer will be unsuccessful” as stated by the 
author. 
 A 26.4KV ATS was built in [31] and installed in an industrial customer’s point of electrical 
service. The facility’s electrical requirements are 26.4KV, 62 A, 2.5MW demand, and a 
load power factor of 0.9. Also, the site operated 24/7 every year excluding scheduled 
maintenance duration. With these requirements and frequent power outages, power quality, 
and sensitivity to undesirable power quality, consequently, an open transition ATS was 
installed to resolve the customer’s power challenges. The industrial plant had faced serious 
power failure challenges which resulted in a stop of production, unfinished products, and 
huge financial losses. Accordingly, the installed ATS proofed was beneficial to the sub-
cycle, solid-state transfer devices used during that period.  The cumbersome nature of the 
developed ATS was a setback as it’s costly.  
 The authors in [33] designed an ATS making use of a PLC; programmable logic controller 
to transfer the loads to the generator in case of a main power supply failure and back to the 
main in healthy conditions. The PLC monitors the two sources through relays connected to 
the power and control circuits. Two mechanically and electrically interlocked contactors 
are used for switching between power sources.  Their coils are excited by control relays 
from the output contacts of the PLC. The PLC monitored and controlled the system and 
was programmed using the “ladder diagram” to achieve set objectives. Long switching time 
and absence of displays for information were setbacks of the project.  
 Commerton et al. [34] described the operation and application of Static Automatic Bus 
Transfer switches (SABT) in shipboard power systems onboard Navy ships. The SABT 
operated with voltage inputs of 120VAC or 450VAC, 60Hz three-phase power supplies. 
The switch provides voltage to its output terminals for any load from 0 to 100% of the 
system’s rating at any power factor or degree of non-linearity. With the ability to sense, 
29 
 
monitor, and control each SCR, no current can flow directly from one source to the other 
during the switching process. A Solid State Dual-Function Switch (DFS) is also described 
here. The DFS either acts as a SABT or a Solid State Current Interrupter (SSCI). This 
functionality depends on the control logic’s detection of a source fault, (DFS operate as 
SABT) or a load fault (DFS operate as SSCI). The DFS successfully passed transfer 
function tests thus suitable for system reconfiguration. The tradeoff here is a potential 
increase in the weight and volume of the DFS.  
 Moreover, the authors in [45] presented the “Impact of Manual versus Automatic Transfer 
Switching on the Reliability Levels of an Industrial Plant”. Such plant reliability levels are 
affected by load power interruptions and switching durations for load supply restorations.  
The Zone Branch methodology was used for reliability evaluations. The methodological 
evaluation resulted in verifying both switching and power restoration and failure of 
protection schemes of electrical load. Upon analysis of the reliability data during recorded 
power outages, it was shown that the choice of automatic switching and restoration 
equipment is highly beneficial to manual ones. This is due to significantly lower switching 
speeds when automatic switching restoration methods are utilized. Hence, emphasizing the 
importance of industrial automation. 
 Popoola et al. [46] proposed an open-transition static transfer switch for transfer or 
arrangement of consumer loads in a three-phase system with supervisory control. 
Objectives were the elimination of manual operations for consumer loads rearrangement to 
minimize unbalance in a low voltage distribution system as well as ensuring continuous 
dynamic on-line load rearrangement with minimal service interruption, reduced power 
losses, voltage drop, and outages. The developed system made up of three-phase static 
switch, microcontrollers, and communication devices addressed all set objectives and 
equally transferred the load to attain optimal phase balance conditions by getting the 
heavily loaded phase to the lightly loaded. However, the setback of this project is its 
limitation to only one power source. This implies the consumer loads won’t be supplied in 
case a power failure occurs. Hence, an auxiliary power source is needed. 
 Ransom’s [47] emphases were made on the fact that a transfer switch should be selected at 
the beginning of the design process for vigorous functionality and ease of maintenance. 
ATSs being part of power systems connection, can be three or four pole networks. Various 
transfer switches are of different implementation and applications. Reason being that the 
selection of a transfer switch for a specific power installation is ascertained by its ability to 
carry current and switching sensitivity during a power interruption. Therefore, the transfer 
30 
 
switch type, voltage, and current requirements as well as the correct alignment must be 
selected based on neutral bonding and grounding locations. Thus preventing unwanted 
transients, current paths, and inactive ground-fault protection. The author proposes the 
following steps to be considered during the design of a switch: “firstly, the switch must be 
mechanically robust, of good phase contact ratings and operation mechanism, possessing 
equal neutral contact ratings and high voltages/current circuit breakers must be interlocked. 
Also, maintainability must be reckoned and when there are no line-to-neutral connected 
loads, high resistance ground methods must be used”. 
 Tian et al. [48] propose a “400V/1000 kVA hybrid ATS (HATS)”. A thyristor switch was 
interfaced in parallel with a mechanical switch to realize low power consumption under 
normal situation and transfer fast when required. The proposed HATS has four transfer 
strategies which can be chosen to adapt to different applications, it realizes the overlapping 
transfer of the neutral wire, and it can decide to transfer or not according to the different 
fault locations (transfer on the source side and not transfer on the load side). These four 
transfer strategies are: break before make, natural communication, mechanical switch 
breaking the circuit, and make before break. The system’s load current is cut off by the 
thyristor switch’s zero current crossings and an electric arc is avoided between ATS1’s 
contacts, thus extending the contact’s life. The overlapping transfer of the neutral wire 
means that there is a little time that the load’s neutral wire should be connected to both the 
preferred source and alternate source. The major design procedure modules of the HATS 
include a voltage sag detection module, a current swell detection module, a power 
calculation module, a parameter management module, a decision logic module, a transfer 
logic module, and an event record module. The HATS has 2 mechanical isolating switches 
or mechanical bypass switches that are used for maintenance. Thus, this HATS has the 
following features and advantages: Four transfer strategies can be chosen for different 
applications, it has the function of fault location identification, and it has the overlapping 
transfer of the neutral wire. Consequently, the HATS is for specific industrial applications. 
 Hasanah et al. [49] described the design of an ATS for household implementation. The 
ATS was designed using an Arduino-Nano microcontroller, an optocoupler as the voltage 
detector, relays to activate the load contactors for switching between the utility power 
supply and generator, and a liquid crystal display (LCD) as an indicator. Concerning 
operation and switching time, the authors’ results showed that the ATS was functional. It 
took in 37.8 seconds to switch from the primary source to the generator during a blackout 
and 2.8 seconds to restore loads to the primary source. The designed and constructed ATS 
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worked properly according to the author. The long ATS switching duration has to be 
improved, and scheduling of the ATS operation is detrimental in regions where power 
outages last for more than a week. The circuit below was used to switch between the two 
power sources. 
Figure 2.8. Switching circuit by Hassan et al. [49] 
 Oh, et al. [50] presented an “AC source transfer switch (STS) for broadcasting and 
communication equipment”. The designed STS used a relay for switching implemented as 
a typical relay drive circuit shown in Figure 2.9. The realized STS was operational and 
switching between sources during interruptions was within 5msec. Furthermore, zero 
current switchings were achieved with possible return operation. In turn, it reduced voltage 
and current surges during power transfer as well as preventing the reset of the UPS power 
supply. The authors said that “as the relay driving voltage is increased, the relay operating 
time is decreased but the relay release time (relay off time) is increased. Therefore, 
excessive overvoltage driving of the relay is not preferable for the power transfer switch 
that requires a short time for relay operation”. This implies that the relay coil will be burnt 




Figure 2.9. STS relay switching circuit [50] 
 Lu et al. [51] proposed a compound ATS controlled by a microprocessor.  Two ATSs; main 
and standby switch make up the compound ATS. Each ATS has two switches; a mechanical 
switch and a solid-state switch both base on the LC resonance absorption branch. The 
switching time of the mechanical switch affects that of the overall compound ATS 
switching time and the topology of the two switches design is shown in Figure 2.10. The 
ATS was designed for two 10 kV AC power supply systems and simulated in PSCAD to 
ensure power supply continuity. A faster switching time speed will be beneficial. 
Figure 2.10. The topology of the fast switch [51] 
 Kumar and Leonie [52] designed a Solid-State Circuit Breaker (SSCB) to address the 
challenges of Distributed Energy Resource Systems. The SSCB is a three-phased 
480Y/277V switch consisting of a series MOSFET arrangement for bidirectional opening 
capability, microcontroller, Hall current sensor, voltage sensors, and an e-ink display 
(human-machine interface). The SSCB was UL489 certified hence it’s immune to 
disturbances, lightning, and poor line quality. As per the authors, though the SSCB was 
used for circuit protection, it could also operate as a power meter or an ATS. Figure 2.11 
shows the linking of two SSCBs implemented as an ATS. Besides this possible ATS 
application, affordability is a major issue due to the expensive cost of one SSCB module 




Figure 2.11. SSCB as Automatic Transfer Switches [52] 
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The value of ATSs outweighs that of manual transfer switches limited by strenuous manual 
human operation, time wasted, possible electric arc formation or fire outbreak, and product 
damage to name a few [45]. Modeling an ATS requires electric and electronic components that 
are crucial in determining how secure and reliable the switching of power supply sources to 
loads are done. Accordingly, integrating emergency sources into power grids is essential. The 
following deductions are made from the previous work and table 1. 
 Power sources: ATSs are installed where backup or emergency power supplies are 
necessary. The power supplies can either be single-phase or three-phase. The alternative 
power source can be a power generator or renewable energy source (e.g. solar source) or 
another different main power source as well as dual stand by systems. For ATSs to 
complete changeover tasks, inbuilt electronic circuits monitor the sources ascertain 
availability. 
 Price: The price of ATSs is still relatively very high, making it difficult to purchase and 
install especially in domestic homes or small businesses. Mostly industrial facilities can 
afford them. The cost is directly proportional to hardware features increase [52]. Implying 
that an ATS cost increases as more hardware and options are added during its design. 
Regarding maintenance, the inclusion of bypass isolation switches in ATSs greatly 
increases cost [14], [47]. Concerning the price of ATS transition types, OT switches are 
less expensive while CT switches are more expensive. Reason being that CT switches are 
safely connected to synchronized power sources because they are meant for loads affected 
by brownouts. 
 Electric/electronic components: The components used to build ATSs are key design 
factors. With regards to integrated circuits (ICs) and logic controllers, the microcontroller 
acts as the brain of the entire ATS. Being connected to each component unit, it operates 
fast, reducing component count and the circuit’s power consumption, and thus it 
considerably reduces cost. Voltage and frequency sensing circuits continuously sense the 
loss or fluctuation of power from both power sources consequently forwarding the 
information to the microcontroller which in turn compares it with user-defined values 
before taking action.  Voltage and frequency sensors definitely add adjustable settings for 
“under” and “over” conditions [14], [49], [50].  
 Switching time: A lot of effort is done to reduce ATS switching time from primary to a 
secondary power supply to the smallest possible value. Fast switching technology plays a 
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significant role in the protection of sensitive loads from, malfunction and damage. The 
main concerns when designing and selecting an ATS, are the power disturbance time and 
the cost of the transfer equipment [Ref]. Available ATS designs make use of relays, circuit 
breakers, mechanical switches, or electromagnetic relays for load switching.  So far recent 
work shows that TRIACs (Triode Alternating Switch are preferable for high speed 
switching to the above mention electronic components used for switching in ATSs. A 
TRIAC is bidirectional semiconductor switching devices. According to Oh et al., the 
handicap of TRIACs is significant conduction loss resulting in an increase in the weight 
and volume of the device as well as the power consumption. It was for this reason that 
their implemented ATS used relays as switching devices [50]. It should be noted that 
properly designing the switching unit of an ATS consisting of TRIACs will overcome this 
setback. Moreover, this is issue has been resolved in recently manufactured TRIACs[53]. 
 Surge and Over/Under Voltage:  Protection in power systems play an important role 
because, faults on the power system cause a lot of power quality problems for sensitive 
loads. The application considerations, specifications, and issues related to applying and 
installing surge protective devices on electrical power systems are of paramount note to 
ATS. Integrated circuits and electronics fond in ATSs make them susceptible to surges. 
These surges can result from overvoltage of the utility feed due to lightning, load 
switching, etc. to name a few and their harmful nature can equally damage the internal 
ATS components causing it to malfunction. The application of surge protective devices, 
SPDs to an ATS system solves and overcomes this problem [37], [38]. 
 Reliability: ATSs perform a key role in power reliability. They transfer the supply of 
loads automatically from various power sources, thus ensuring the security and reliability 
of power supplies. So, the reliability of ATSs is extremely important since it resides in 
paths for power sources [35]. To reduce the risk of personal injury or economic loss caused 
by power outages, the adaptation of at least a two-way power supply is generally 
implemented. Therefore reliability indices should be determined by an ATS operation 
characteristic and its failure modes [54]. For example the authors in [54] present two 
reliability indices and propose a reliability compliance test method considering both the 
reliability of mechanical operation performance and that of automatic transfer 
performance based on analysis of ATS’s failure modes. 
 Application: According to Curtis, “For automatic transfer switches to work automatically, 
quickly, and dependably, they must be properly selected, sized and installed and, of course, 
properly maintained” [14]. Some ATS Application areas are industries and industrial 
37 
 
buildings, hospitals and other healthcare facilities, banks and data centers, 
telecommunications and their utilities, bridges, tunnels, and airports, skyscrapers, 
government, police, and military installations, and security systems. The type of switch 
required in an ATS is based on its application. For example, healthcare applications that 
don’t tolerate power interruptions require CTTS; a closed transition scheme for 
synchronizing the power sources. On the other hand the OT; an open transition scheme is 
used for data centers that are designed to indulge momentary power interruptions [14].  
In summary, Therefore, the achievement of our aim and objectives shall address the problems 
faced by the above authors during and after haven constructed an ATS prototype. 
2.8 Overview of power semiconductor switching devices 
These semiconductor devices used as switches in commutation mode  
In power electronics, the conversion of electric power to a form suitable for loads and the 
control of the flow of current and voltage is possible using solid-state electronics. 
Semiconductor switching devices being solid-state electronics are often used as switches to 
control current and voltage flow in circuits. Hence they are used in commutation (on/off) mode.  
Examples include unipolar, bipolar devices thyristor-based devices namely:  
 Diode,  
 Bipolar junction transistor (BJT),  
 Insulated gate bipolar transistor (IGBT) 
 Metal oxide semiconductor field-effect transistor (MOSFET),  
 MOS-controlled thyristor (MCT). 
 Gate turn-off (GTO) thyristor,  
 Silicon-controlled rectifier (SCR),  
 Static induction transistor (SITs) 
 Static induction thyristor (SITHs),  
 TRIAC 
Modern power electronics improvements result from a corresponding one on power 
semiconductor devices with characteristics like high-speed switching and power control 
aptitude guiding their development [55]. They play an outstanding role in a wide variety of 
fields including modern industrial automation, AI applications, renewable energy systems, and 
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high- efficiency energy systems. It can be said that they are found in virtually every electronic 
device. 
It is without a doubt in circuit design that the utilization of semiconductor switching devices 
instead of others for switching purposes is their aptitude to control huge power amounts. 
Importantly, power handling operations in these switching devices is accomplished with little 
power dissipation. Accordingly, attributing high efficiencies to applied power electronic 
systems. In contrast, low-efficiency power systems increase power consumption, complicates 
designs, reduces reliability, and greatly increases costs. Therefore, “their functional 
importance, drive complexity, fragility, and cost must be thoroughly understood as well as their 
operation, limitation, drawbacks, and related reliability and efficiency issues” [55]. 
2.8.1 Control of semiconductor switching devices 
Manufacturers of these devices strive to have them perform as ideal switches. That is no 
restriction on the amount of current and voltage control, no speed limitation during a change 
of states, no leakage current when not conducting, and zero sinks in on-state voltage [56]. In 
summary, practical switches manufactured to date ideal switches have various setbacks, unlike 
ideal ones that possess limitless switching speeds, unrestrained power handling capabilities, 
and thus 100% efficiency. Implying that the control function in semiconductor switches is the 
propensity via control signals to either conduct current and/or block voltage [55]–[57]. Table 
2.5 depicts the combinations of carrying current and blocking voltage 
Table 2.5. Combinations of carrying blocking and blocking voltage 
Directions Definition 
Unidirectional current flow The flow of current in forward or reverse direction 
Unidirectional voltage blocking Blocking voltage in forward or reverse direction 
Bidirectional current flow Forward and reverse biased flow of current 
Bidirectional voltage blocking Forward and reverse-biased blocking of voltage  
 
2.8.2 Classification of semiconductor switching devices 
When classifying switches, the focus is on their control features to conduct and block current 
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2.8.3 Examples and description of semiconductor switching devices 
In most cases, these devices are placed under two families; unipolar and bipolar device family 
and the thyristor-based device family. MOSFETs, IGBTs, power diodes, and BJTs fall under 
the unipolar and bipolar family devices. On the other hand SITs, SITHs, GTOs, SCRs, MCTs, 
and TRIACs make up the thyristor-based device family. The above mentioned are some 
examples of two device families. A thorough understanding of semiconductor switching 
devices is a prerequisite for designing a reliable and efficient switching circuit. Details of 
semiconductor switching devices follow: 
Note: In-depth discussion of these devices (structure, behavior, fabrication, etc…) is not part 








Table 2.7. Description of semiconductor switching devices 
Device Diagram Description 
BJTs  These are three-terminal transistor devices with two charge 
carriers being electrons and holes. They are turned on upon 
the insertion of a signal (small current) at the base terminal. 
Accordingly, they can easily control a greater current 
amount flowing through the other terminals. This 
phenomenon makes them convenient for switching or 
amplification purposes. In contrast, they are destroyed by 
overheating which is of course a drawback. 
IGBTs  These are three-terminal, four-layer (p-n-p-n) voltage-
controlled switching devices.  They possess the gate-drive 
attributes of power MOSFETs as well as the high current 
and both low saturation voltage and high current density 
potential of BJTs. Importantly, a few negative gate voltage 
is applied in practical when IGBTs turn off [58]. Despite 
having the edge of both BJTs and MOSFETs they are prone 
to failure due to overstress and wear out. Overall they are 
used in high power-related implementations. 
MOSFETs  Power MOSFETs are designed in a vertical channel 
structure necessary to increase their power ratings. This 
structure enables them to handle high power levels. 
Examples include V, U, D, and S-MOSFETs [55]. They are 
voltage controlled and only require small current at their 
gates. Their low gate drive power, fast switching speed, and 
ease of repair makes them very common and widely used in 
numerous applications [59]. However, their use in high 
voltage applications is limited by the effect of temperature 
on their on-state resistance  
SCRs  These are thyristor-based three-terminal (anode, cathode, 
and gate) devices consisting of four p-n junctions. Voltage 
blocking is bidirectional and meanwhile carrying current is 
only in the forward direction. Emphasis is placed on a very 
short duration while applying a pulse of positive gate current 
to turn on SCRs. Their operation makes them applicable in 
controlling lamp dimming, welding, power regulators, 
motors, and DC power transmission lines[55], [57], [58]. 
TRIACs 
 
Three terminal devices with both bidirectional current-
carrying and voltage blocking. That is they are capable of 
carrying current in either direction when triggered with 
either a positive or negative voltage. Hence, TRIACs are 
principally used for applications involving AC power 
control and switching power, etc. 
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2.8.4 Comparison of semiconductor switching devices 
Table 2.8 shows a comparison of some semiconductor switching devices. Worthy of note is the 
fact that the compared characteristics may differ according to manufacturers, material 
composition, and specific application. Also, more research work is being conducted to improve 
the performance (switching frequency, voltage and current ratings, etc.) of these devices.   
Table 2.8. Comparison of semiconductor switching devices 










500A - 800A 
1.2 kV 
400 A 
600V - 1kV   







1.5 - 3 V 3 - 4V 3 - 4V 1.5 - 2.5 V 1.5 - 2 V 
Input 
impedance 
Low  High  High  Low  Low  
Output 
impedance 
Low  Medium  Low  Low  Low  
Cost Low  High  Medium  High  Low  
 
2.8.5 Effect of semiconductor devices in very high power applications 
Despite the characteristics in Table 2.8, these silicon-based devices are not suitable for very 
large power handling as well as high switching frequency. That is the maximum power 
handling capabilities such as current-carrying, voltage, and operating frequency are 1.5kA, 
6.5kV, and 1 kHz (MOSFET is an exception 1MHz) respectively. Also, they are susceptible to 
damage at temperatures higher than 125 oC in power electronic systems. This constrain is due 
to the devices being built with Silicon. As a result, their performance is limited in high power 
and frequency applications [60]. Indeed the call for devices having the aptitude to support high 
voltage, current, and frequency along with temperature handling capabilities arose. For this 
reason, the use of Gallium Nitride and Silicon Carbide as emerging power semiconductor 
devices have come to light [61], [62]. An example is the silicon carbide (SiC) family of 
semiconductor devices. SiC composes silicon and carbon bonds which enables them to function 
at greater switching speed and over wider temperatures ranges, unlike their simple silicon-
based counterparts. In addition to this, SiC devices possess lower switching and conduction 
losses [63]–[66]. The figure below depicts examples of power semiconductor devices available 




Figure 2.12. Examples of power semiconductor devices available in the market [66] 
Undoubtedly, regarding the choice and Implementation of semiconductor switching devices, 
the focal point is the switching speed and power-handling capabilities. Preference is given to 
devices with very low or nearly no power dissipation. We chose triacs as the switching 
components for this study. For this reason, an overview of triacs follows. 
2.9 Triac: Triode for Alternating Current or Triode AC Switch 
Formerly referred to as bidirectional triode thyristors, triacs are a single block of silicon devices 
incorporating two thyristors linked in parallel and with opposite polarity. This linkup or 
combined arrangement permits triacs to be turned on at the gate of one of the thyristors and at 
that instant, either thyristor can be switched and allow the flow of current [67]. Also, triacs are 
triggered by both positive and negative pulses and they conduct current in both directions. As 
such they overcome the limitations of thyristors (SCRs) which only have unidirectional 
conduction. Triacs are similar to thyristors in that they are turned off either in situations in 
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Figure 2.13. Symbol and equivalent structures of a triac 
Figure 2.13 shows the equivalent structures of a triac with its three terminals: the gate (G), 
MT1; “Main Terminal 1” and MT2; “Main Terminal 2”. Figure 2.13 (a) represents the physical 
construction, with both terminals linked to the PNPN and NPNP sections. Figure 2.13 (b) 
represents the two thyristor analogy and Figure 2.13 (c) is the symbol of a triac. It should be 
noted that MT1 will always be closer to G irrespective of whether the triac symbol is reflected 
or rotated in a schematic. It has Similarly, MT1 and MT2 are also known as Anode 1 (A1) and 
Anode 2 (A2) respectively. These concepts enable triacs to conduct in both the positive and 
negative directions of a sinusoidal waveform. 
2.9.2 Operation 
Triacs are semiconductor devices which conduct in both directions. Implying that current flows 
through them via either MT1 to MT2 or vice versa and this is made possible by applying a 
pulse at its gate with respect to MT1. Moreover, the path through which the current flows is 
influenced by the polarity of the applied voltage between MT1 and MT2. [68], [69]. Initially, 
a triac remains off when no gate voltage has been applied to it. That is, it stays in a passive 
state and blocks current from flowing through it in both directions (MT1 and MT2). Once a 
negative or positive pulse is then applied at its gate and relative to MT1, current flows through 
it and it occurs either in the MT1 or MT2 direction depending on the circuit. Furthermore, four 
ways of gate triggering are feasible and they are considered to be modes of operation that occur 
in the four quadrants [70] as shown in Figure 2.14. Each operating mode takes place  















Figure 2.14. The four quadrants of triacs, triggering behavior, and current flow [70] 
The arrows in Figure 2.14 indicate the current direction, which flows from a positive point to 
the negative. MT1 is connected to the ground in Figure 2.14 and according to [70] “it can be 
thought of as being held at a neutral ground value and because the triac is conducting AC, 
voltages above and below ground will occur”. For this reason, MT1 is always the reference 
when applying a pulse at the gate (G). Table 2.9 describes the behavior of triacs in the four 
quadrants shown in Figure 2.14 and the direction of current flow through the traic. 
Table 2.9. Designation of the four quadrants and direction of current flow in triacs 
Quadrant Designation Current flows from 
1  MT2 is more positive than MT1 
 G is more positive than MT1 
MT2 to MT1 
2  MT2 is more positive than MT1 
 G is more negative than MT1 
MT2 to MT1 
3  MT2 is more negative than MT1 
 G is more negative than MT1 
MT1 to MT2 
4  MT2 is more negative than MT1, 
 G is more positive than MT1 
MT1 to MT2 
 




Table 2.10. Operating modes and polarity of triac terminals [68] 
Mode Polarity of MT2 with respect to MT1 Polarity of the Gate 
1 (1+) MT2+ G+ 
2 (1-) MT2+ G- 
3 (3-) MT2- G- 
4 (3+) MT2- G+ 
 
All polarities of triacs are always described with reference to MT1 as indicated in Table 2.10. 
As such MT2+ implies that MT2 is positive whilst MT2- means MT2 is negative. Definitely, 
with both being with respect to MT1. Therefore, four operating modes are possible upon the 
insertion of a pulse in the gate of a triac. 
According to [71] “not all triacs can be triggered in all quadrants; not all devices are quadrant 
four triggerable. And even those devices which are triggerable may not have identical gate 
drive in all quadrants.” Depending on the manufacturer, triacs may either be able to be triggered 
in all quadrants or at least in two of the four quadrants. Traics are very sensitive to 50Hz/60Hz 
2.9.3 I/V characteristics. 
Upon the insertion of a pulse at a triac’s gate, the current increases progressively till it gets to 
the gate threshold current. At this point, the triac starts conducting and current flows through 
MT1 and MT2. In case the current between these main terminals exceeds the latching current 
then the triac keeps conducting irrespective of the absence of a pulse at its gate. Also, the 
TRAIC will turn off should the current through its terminals falls below the holding current in 
the absence of a voltage at its gate. Consequently, the triac will remain in its off state (blocking 
current) until another triggering situation of its gate occurs. As such, these parameters form a 
relationship. Table 2.11 shows some key I/V parameters of triacs. 
Table 2.11. I/V parameters of triacs 
Symbol Designation 
ITRMS Maximum RMS on-state current 
IL Latching current 
IGT Gate trigger current 
IGM Maximum gate trigger current 
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ITSM Maximum non-repetitive peal current  
VDRM Repetitive peak off voltage 
VGT Gate trigger voltage 
PGM Peak gate power dissipation 
IH Holding current 
Isurge Surge current 
 
Triacs typically have a very long lifespan and they are available as low and medium currents. 
According to [72] “low-current triacs typically come with maximum current/voltage ratings no 
bigger than 1 A/ (several hundred volts). Medium-current triacs typically come with maximum 
current/voltage rating of up to 40 A/ (few thousand volts)”. Triacs with various specifications 
are available in the market and their specifications differ with respect to manufactures. Figure 
2.15 below shows the triggering of a triac (on-state) in quadrant 1 and 4. 
Figure 2.15. The first and third quadrant turn on states [71] 
Figure 2.15 represents turn on states in the first and third quadrant. In the first quadrant, the 
triac functions in its forward blocking mode upon the triggering of the gate with a positive 
pulse. Whereas, the triac functions in its reverse blocking mode upon the triggering of the gate 
with a negative pulse. Moreover, the device is equally functions when by a positive or negative 
gate current (IG) in either of these two quadrants. Most often, triacs are triggered at their gate 
using a positive pulse in the first quadrant and by a negative pulse in the fourth. How the 
physical layout of a triac is built by a manufacturer may occasion a triac to experience a slight 
variation in parameters (IL, IH, and IGT values) among the four operating quadrants [68].  
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The control circuit may be required to be isolated from triacs for instance a low power gate 
circuit for triggering or triggering required by a controller. In such situations devices like a 
pulse transformer, Optoisolator, and an Opto-triac isolator may be used as a result of their 
ability to avert high voltages from affecting and causing damage to circuits. 
Certain conditions like spikes on the supply line or out of phase issues caused by inductive 
loads for instance may cause false triggering of triacs. The remedy is to wire a snubber network 
in parallel across the traic. A snubber network is a resistor-capacitor network (RC circuit). In 
contrast, the development of snubberless triacs equally solved the false triggering issues [67], 
[71].  
2.9.4 Application of triacs 
Since traics are turned on at their gate by positive/negative pulses, they are mostly utilized in 
AC power control and switching applications. For instance, they are utilized in phase-control 
circuits, light-dimming circuits, AC motor control circuits, and other ac power-switching 
circuits [67]–[72]. 
2.10 Conclusion 
This chapter reviews literature from a general perspective to specific. It starts with the study of 
power systems, then automatic transfer switches and their role in power systems as well as the 
importance of overcoming the challenges faced in the power sector of developing countries. 
Also, the study on previous work emphasizes the need for low cost and high-speed switching 
automatic transfer switches. The next chapter will address the methods used to design an 
automatic transfer switch, the chosen method, and the research approach used for the ATS 




CHAPTER 3. RESEARCH METHODOLOGY 
3.1 Research approach 
Background concepts relating to automatic transfer switches and digital switches were 
reviewed in the previous chapter. Accordingly, this chapter discusses the methodology used in 
this study to address our research objectives. A methodological approach entailing conceiving 
artifacts that serve human purposes is called Design Science Research (DSR). In other words, 
“It is a form of scientific knowledge production that involves the development of innovative 
constructions, intended to solve problems faced in the real world, and simultaneously makes a 
kind of prescriptive scientific contribution” [73]. DSR is a suitable methodology for solving 
real-world problems as well as producing knowledge for the improvement of theories [73]–
[75]. An ATS is an artifact that addresses power outages; a real-world problem in developing 
countries (SSA). Therefore, this dissertation makes use of the rigorous DSR approach shown 
in Figure 3.1 to meet our objectives in designing a relevant ATS for implementation in SSA.  
  
Figure 3.1. DSR steps and outputs [73]. 
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3.2 Research Methods  
An ATS is an embedded system, implying it follows the embedded system design methods. 
Therefore, our research methods in achieving our objectives involve the embedded system 
design. A system is defined by the Leadership of INCOSE (International Council on Systems 
Engineering) as “an arrangement of parts or elements that together exhibit behavior or meaning 
that the individual constituents do not. Systems can be either physical or conceptual, or a 
combination of both. Systems in the physical universe are composed of matter and energy, may 
embody information encoded in matter-energy carriers, and exhibit observable behavior. 
Conceptual systems are abstract systems of pure information and do not directly exhibit 
behavior, but exhibit meaning”[76]. 
An embedded system is a microcontroller or microprocessor-based system interconnected with 
electrical, mechanical, and chemical components designed to perform a dedicated task. This 
system is made up of interfaces and integrant-parts which are adequately and beneficially 
interlinked together. In this case, the components hinged on the system are the microcomputer, 
which is interconnected with electrical, mechanical, and chemical components designed to 
perform a dedicated task. Additionally, the microcomputer (microcontroller or microprocessor) 
includes a processor/processing unit, a storage or memory compartment, as well as the ability 
to interchange data via (I/O ports) with the outer sphere. When interfaced together all of these 
aspects and their multiple components work cohesively with a common purpose. These broadly 
functioning systems are structurally diverse, emitting various behavioral traits and operational 
connection and relativity within a framework controlled by specific regulation orders or rules. 
They typically function independently through their systems or dependently as part of a larger 
technological unit. That is operational tasks in large systems are distributed to multiple 
microcontrollers connected, unlike the independent case where only one microcontroller 
performs operations. Also, they possess integrated circuits (ICs) meant to handle the 
computations principally required for real-time applications. 
Importantly, firmware (programming instruction) is dispatched in “read-only memory” or 
presented in flash memory chips. The firmware is then guided by operations performed by 
procedural systems, formed with parts dedicated to handling internal and external interfacing 
(electric and/or mechanical). Such as GPU technologies, application-specific integrated circuits 
(ASIC), digital signal processors (DSP), gate arrays, and field-programmable gate arrays 
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(FPGA). Overall, embedded systems are interfaced with other devices or external systems and 
the environment through peripherals, coupling various input and output devices. 
3.3 Design Components of an Embedded System 
A simple embedded system incorporates a microcontroller with an integrated circuit interfaced 
with external physical devices and the world at large as shown in the figure below. 
Figure 3.2. A typical form of an embedded system 
 The standard form of an embedded system encompasses hardware, software, and real-time 
operating system as shown in Figure 3.2. 
3.3.1 Hardware  
Embedded systems need hardware in which the written software is stored and can be duly 
operated. Hardware components include the following elements: 
Power Supply: Embedded systems usually need a supply of 5 volts though some cases utilize 
1.8 or 3.3 volts. The power can be gotten from batteries or any wall adapter depending on the 
application. 
Microcontroller: Generally, they contain processors that come with either 8, 16, or 32-bit 
architectural designs. In terms of architectural organization, microcontrollers either have the 
Von Newman or Harvard architecture. In the Von Newman architecture, the two types of 
memory (RAM and ROM) and the input and output ports all exist on the same bus. With the 
Harvard architecture, however, there are separate data and instruction buses. Hence it is known 
to be faster and more advantageous 
Memory: All functioning Instructions are written in memory. The two distinct kinds include 
volatile memory which is (RAM) and nonvolatile which comes in the form of (ROM, EPROM, 
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or EEPROM). The difference between them is within information retention, i.e. it is lost in 
volatile memory in the absence of power, and meanwhile, it is retained in the case of 
nonvolatile memory. Memory ICs can be found in the microcontroller and also as separate 
devices. 
User interface: some embedded systems have a user interface while others do not. Examples 
include buttons, as well as LEDs and LCDs for signaling and displaying information 
respectively. Also, more complex and sophisticated systems use a graphical user interface with 
touch sensing. 
I/O Interface: Externally it permits connectivity and functionality which allows internal 
information to be sent out or external information to be received. Interfaces are internally and 
externally situated and are grouped into analog or time elements as well as parallel or serial. 
Similarly, embedded systems also communicate with the outside world via peripherals like a 
multimedia card, USB, networks, field buses, timers, and much more. 
Sensors: They are in charge of weighing and measuring physical or analog quantities, and 
changing them into a readable and understandable electrical or digital signal, which can then 
be read, stored in memory or compared by an embedded systems. 
3.3.2 Software  
Embedded software is also known as the firmware which is a set of written lines of codes 
dispatched into hardware to perform an intended particular function. This software is stored in 
the ROM of microcontrollers and executed by its processor. The name firmware is also used 
because code modification (updates, fixing bugs, adding features) necessitates a change in 
memory. Most often, the software is written in the C/C++ programming language. More 
recently, the programming languages used in embedded systems have included the use of 
“Python” and “JavaScript”  [77]. Therefore, firmware along with the internal and external 
peripherals which are linked to its interface circuits give an embedded computer system its 
distinct traits. 
3.3.3 Real-time operating system (RTOS) 
RTOSs manage resources for real-time applications without time delays, within a specific time 
and consistently. These resources are memory, data, processor, and I/O, and they are overseen 
by the RTO to ensure strict timing constraints and provide reliable operation by supporting 
synchronization and communication between tasks [78].  Embedded systems run in real-time 
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making use of Real-Time Operating Systems. These systems execute tasks by processing 
information, completing it, and sending the result in real-time. Embedded systems must 
account for latency (response) time and periodic tasks at equal time intervals. Thus, real-time 
operating systems link the hardware of embedded systems to their application software. It 
should be noted that not all embedded systems need an operating system. 
3.3.4 Application 
Embedded systems encompass every field of engineering and are literally found everywhere 
in the world. They are applicable in Automotive, human bodies, medical electronics, military, 
homes, and anything that has to do with communication. Lastly, but not least, embedded 
systems are ubiquitous in industries particularly in robotics, inventory control, and 
manufacturing. These are very large sectors for embedded systems. 
In summary, embedded systems are an integral part of human lives. Aspects like low power, 
small size and weight, low cost, high reliability and efficiency, task and real-time 
specifications, as well as harsh environmental handling capabilities, make them ubiquitous. 
Today, these systems play a vital role in many devices, technological instrumentation, 
equipment, and home appliances. The success thereof is only proof that these devices will 
continue to be beneficial to society as they advance over time. 
3.4 Designing an Embedded System 
The design process in engineering is the application of scientific knowledge to nature to meet 
a stated objective. This process entails that a series of steps are pursued to resolve a challenge. 
To achieve this, certain task requirements need to be observed and fulfilled during the 
contextualization and design process of the (hardware/software) product. Most often, the 
solution involves designing a product (hardware/software) that meets certain criteria and/or 
accomplishes a certain task. Likewise, the design process of embedded systems is a set of 
actions performed to embed hardware and software integrant-parts together for an intended 
objective. 
There are two principal methodologies in designing an embedded system namely bottom-up 
and top-down. The bottom-up is the traditional approach which is commonly used whilst the 
top-down is the recent approach. In the bottom-up approach, the system is built starting from 
the components. Meaning the end product is analyzed from each of its component 
implementations and worked up to the high level or master level design. In contrast, the top-
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down approach begins with the most abstract description of the entire system or master design 
and worked down to the low-level implementation. When it comes to the system or product 
development (aesthetic, technical, and ergonomic), the choice of each design approach is often 
dependent on the perceptivity of the problem or challenge and its solution.  
3.4.1 Bottom-up design methodology 
 
Figure 3.3. Typical bottom-up design approach [79] 
Figure 3.3 illustrates a two-level process, combining three subcomponents to create the overall 
product. 
The bottom-up design process is a hierarchical process that begins with an idea of the process, 
serving as a solution and progressing to the problem statement. The First step is designing low-
level components. These components can either be designed simultaneously, parallel to each 
other, or one after another. The second part is building and interconnecting the components and 
finally conducting the test. The testing phase ensures the functionality of the product and 
guarantees the success of the bottom-up design, hence it’s very important. Therefore the 
designing, building, and testing sub-processes are often repeated to obtain the overall system 
performance. Implying that the system specification is defined when the entire system is 




3.4.2 Top-down design methodology 
 
 
Figure 3.4. Typical top-down design approach [79] 
Also known as a master modeling technique, the top-down starts with a complete final design 
and then further splits into its various sections or modules, rather than putting components 
together as its typically done in the bottom-up design.  
The top-down design process is a cyclic approach (see Figure 3.4) based on analysis, design, 
engineering, implementation, and testing phases. Firstly, the analysis phase involves the 
assessment of a system’s indispensable qualities and constraints. The system should naturally 
be created and operate under its required standards. For precision purposes, these standards are 
transcribed and recorded through an accurate and descriptive list of specifications. Thus, 
specifications can be viewed as subsets of requirements and subsequently, they give the exact 
parameter of the system’s functionality. In consultation with a systems operational 
requirement, it’s imperative to note the limitations and shortcomings, formally known as 
constrains. Table 3.1 presents some requirements and constraints involved in designing 







Table 3.1. Requirements and constraints of an embedded system’s design process 
Requirements Constrains 
Accuracy Safety  
Precision Cost (unit and NRE cost) 
Resolution Compatibility  
Ease of operation Human factors 
Power and Product life Use of specific electronics 
Size and weight Use of specific mechanical parts 
Response time Interfacing with test equipment 
Maintainability Interfacing with other devices 
Testability  Development period 
Reliability Time to market 
 
Secondly, in the process of undertaking the high-level design a lot of abstraction is utilized to 
develop a creative (conceptual) and unique version of the hardware and software system 
thereafter breaking the models down to modules and subcomponents. Computer technologies 
and applications have greatly eased the design process through the use of graphics and 
information technology methods for better designing understandable, efficient, and reduced 
time and cost models [80]. In addition to this, the expected operations and performance, 
durations and schedule, safety, and testing plus an approximate cost can equally be reckoned 
at this phase if required. For representation purposes, a “data flow graph” is used to portray the 
flow of information.  
Thirdly, the engineering design involves building the preliminary design made of the “top-
down” structure, shared data structures, input and out signals, and the comprehensive software 
scheme. Proceeded by the linking and blending of both the hardware and software systems. 
With this in mind computer-aided design (CAD), computer-aided manufacturing (CMD), or 
mechanical design automation (MDA) software are used at this phase. They easily create, 
modify, analyze, and/or optimize engineering designs promptly. To add, CAD and CMD 
permit safety together with testing, and simplifies technical documentation, by replacing 
manual drafting with an automated process [80]. Before interconnecting the hardware/software 
modes, a graphical representation known as a call graph is made. Information is organized and 
accessed through data structures in the software design scheme. Measurements, data 
56 
 
acquisition, together with the displaying of results is equally accounted for during the process 
and are pivotal during digital processing in embedded systems. 
Next is the implementation phase. In the beginning, the prototype is designed in an EDA 
(Electronic Design Automation) software then it is later simulated. The major reason for the 
use of EDA software is for simulation. Simulating a designed model checks for abstractions. 
That is aspects such as structure, operation, behavior, support, or desired real-world concept 
[80]. Also cost reduction and decreasing the time to create the prototype. It is then easier to 
build an entire system’s integrated circuit in a simulator rather than using actual physical 
components to build a product. Therefore, it is necessary to implement hardware/software 
simulation during the preliminary phase of product development and then later getting to the 
end product. 
Finally, the testing phase assesses the performance of the intended system. Operations 
involved here are system debugging, functional validation, and performance optimization. 
They improve accuracy, speed, reliability, efficiency as well as stability. Similarly, 
maintainability is also very important. Since no product is static, requirements, constraints, user 
desires, and/or applications may change and can only be meet through system maintenance. 
Examples of hardware and software maintenance include end-user configurations (updates, 
fixing bugs), adding features, tuning for adequate operation, and extending to new applications, 
Hence, testing must be accounted for in all the design phases till the final product is attained. 
Testing is eased by simulation and its role is indispensable as engineers race to build more 
desirable and effective systems over short durations.  
In short, the top-down approach is more efficient than the bottom-up especially in large and 
complex applications. It eases customization, optimization, modifications and reduces design 
errors. Thus, it results in a far better and reliable end product.  
3.5 Planning and organization 
Planning design strategies are based on and facilitated by a typical design approach which must 
be scrupulously followed to obtain desired results. 
Embedded system designs must be flexible, meaning they have to be ever mindful of the 
frequently changing design systems which are driven by technological advancements and 
industrial demands. In maintaining a robust product design it’s important to note the 
importance of versatility and flexibility as this would entail that at any given time the systems 
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configurations can adapt to new enhancements. This is achieved through planning by first 
defining system specifications and then coming up with an organizational plan. Broad 
perspective knowledge and understanding of the entire system’s essence, functionalities, and 
form are required for modeling. Also, model characteristics, estimated component count, and 
assembly manner leading to a working prototype and how the final product can be 
manufactured should be noted.  Graphical tools such as flowcharts, data flow graphs, and call 
graphs easily describe the organization of an embedded system. 
3.6 Proposed ATS system Design 
The proposed ATS system shall be designed to be reliable, durable, alterable, and solid for 
performing load transference from one power source to another [81]. The methodology used 
in our research is the top-down approach. This approach shall be meticulously followed to 
articulate and develop to a robust, high quality, supportable, cost-effective, responsive, and 
efficient automatic transfer switch. A high speed switching ATS with surge protection was 
designed. It will play a vital role in developing countries especially Sub Saharan Africans by 
maintaining a continuous flow of electrical power to consumers; from individuals, households 
to private businesses and government. Also, electricity generated from renewable energy 
sources will be easily conveyed to loads employing the proposed ATS system as it is highly 
efficient in transferring this energy as well as preserving the functionality of associated 
distribution utilities. In conjunction with its adaptation in the SSA energy market, this 
engineering technology will certainly aid in meeting the IEA’s Sustainable Development Goal 
7 (SDG7) and the UN’s Sustainable Energy to All (SE4All). These initiatives aim to completely 
eradicate the electricity access deficit by 2030 and for the entire world to have full 
electrification. Therefore, the following stages present the top-down design stages of the ATS.  
3.7 Analysis 
There are design choices to make when building a real-time embedded system. Often, defining 
the problem, specifying the objectives, and identifying the constraints are harder than actual 
implementations. It is undoubtedly important to breakdown while analyzing the problem and 
constraints before proceeding with the implementation phase. The focus at this point is on 
addressing structural requirements and general constraints face by the specific ATS system. 
Several factors come into play and must be considered. Examples include ethics and safety 





The ATS design has constraints that limit how the system can operate. Constraints and 
regulations are set by organizations that are legal bodies, policymakers, and standard 
institutions and must be adhered to. Also, constrains typically cannot be changed based on 
trade-off analyses. The system may face construction constraints due to factors like production 
cost, ergonomic safety, durability, and compatibility with various products. Also, the use of 
specific electro-mechanical integrant-parts maybe employed and integrated into its system. 
With the assistance of a development schedule, further interfacing and interacting shall be done 
with various instruments and testing equipment. 
 
Safety: Ergonomic safety measures must be taken into consideration when implementing the 
system. Safety will be taken into account at the beginning of all design stages and shall conform 
to safety standards, and legal regulations. This will ensure the creation of an efficient product 
that serves and protects human life, the environment, and the overall ATS system. For example, 
the power supplied to the ATS components should not exceed the amount which can be handled 
to prevent system failure or damage. The ATS system on its own will be safe for human beings 
since it won’t need an operator. 
Cost: The proposed ATS must be affordable for both domestic and industrial customers. ATS 
affordability is important for widespread acceptability and purchase. Therefore, the proposed 
ATS shall have a nonrecurring engineering cost (NRE cost) as well as a low manufacturing/ 
production cost. 
Social and human factors: The proposed ATS shall have a positive impact on society. It shall 
maintain a continuous flow of power to loads as well as overcoming the human effort needed 
in manual transfer switches. Thus, customers will enjoy and appreciate the ATS product. 
Compatibility: The ATS must be compatible with other products and systems. For example, 
testing systems must interact with the ATS by establishing physical and functional interfacing 
while conforming to existing product to product interaction standards. 
Environmental impact: The ATS should be pollution-free. The components used in this project 
have a minute or no pollution, and therefore the ATS will not harm the environment. Also, it 
shall be designed to meet environmental rules and regulations. 
Standard and legal constraints: Local and international standards presented in Chapter 2 (refer 
to transfer switch codes and standards pg. 27) as well as legal procedures and laws must be 
respected in designing automatic transfer switches. 
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3.7.2 Requirements  
Understanding ATS design, construction, and performance requirements, together with the 
chosen transition type and desired operation ensure reliable backup power needed to maintain 
a continuous flow of electrical power to loads. The ATS will be designed and reviewed with 
regards to the most current and applicable regulatory standards as prescribed by UL, IEE, and 
NEMA Codes and standards, such as UL 1008A-1: Standard for Medium-Voltage Transfer 
Switches, UL 1008-8: Transfer Switch Equipment, and all others mentioned in Chapter 2 (see 
pg. 27). They provide directives on transfer switch construction, functionality, performance 
and technical requirements. Important considerations when building the ATS system follows:  
 
General requirements 
Power: Internal ATS components must remain supplied with electricity especially during a 
blackout. Batteries shall be used to maintain the components supplied when the primary source 
is unavailable. The heat from electrical power can affect an ATS size, thus it must be properly 
channeled out of the system to prevent overheating and worn-out of components.  
Ease of operation: The chosen mode of operation shall be the automatic mode. This mode 
makes the ATS a self-sufficient automatic system not requiring an operator. The ATS shall 
ensure an uninterrupted supply of power to the loads by automatically sensing the sources’ 
electrical power availability or not. Thereby initiating and executing an automatic transfer 
operation when necessary. 
Test/verify. The ATS is generally installed to handle important and critical loads. Failures are 
not tolerated in these situations, as they can result in loss of life and finances. So the system 
shall be tested and verified at every design stage to ensure it works. It is extremely important. 
Accuracy: The top-down design methodology will be assiduously followed for the system to 
be acceptable and perform accurately to meet design intent together with consumer needs. 
Size and weight: Appropriate size and weight must be noted for the ATS to fit where applicable.  
Time: This is a crucial aspect. The ATS had to react and deliver at the right and/or expected 
time. The ATS system shall react in real-time and behave responsively as intended. 
 
ATS System Specifications 
Other categories of requirements include functional requirements, performance requirements, 
and technical requirements. Functional requirements are the requisite tasks needed for 
implementing and successfully achieving the ATS goal. While performance requirements give 
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the degree to which the functional requirements should be performed [82], [83]. It should be 
noted, that the firmware must be written to meet all the requirements. 
 
Functional requirements. 
 The ATS shall be based on the automatic mode of operation. 
 The ATS shall ensure source monitoring 
 The ATS shall systemically perform load transference and switch from the main to the 
alternate power supply during a blackout. 
 The ATS shall restore the supply of the load from the alternate to the main source of 
power when the primary source has been reinstated after a blackout. 
 The ATS shall use the open transition scheme (break-before-make). 
 All the ATS components shall remain on at all times and shall operate 24/7. 
 The ATS shall store data about the date and time of each power failure and its 
durations. 
 The ATS shall display details of its system status to users. 
 The ATS shall be monitored remotely by the user. 
 It shall include interlock functioning capacity. 
Performance requirements  
 The ATS shall perform all its tasks automatically; initiation and transfer operations 
without human intervention. 
 The ATS shall monitor the electrical properties (voltage, frequency, phase angle) of 
both sources and initiate a transfer operation when not within the specified limits. 
 The ATS shall always monitor the main power supply with the use of the internal 
components like the microcontroller and the sensing circuit IC to transfer the loads to 
the alternate supply and secure a ceaseless supply of power during outages or blackout 
situations. 
 In the absence of the main power supply (MPS), the ATS shall continue to monitor it. 
Accordingly, when the MPS becomes available again, the ATS shall restore the supply 
of the loads to the main power supply.  
 The ATS shall use the open transition scheme, and it will react by first interrupting the 




 The ATS shall have an internal battery that will keep all its components supplied with 
electricity during power failure to ensure a 24/7 system operation.  
 The ATS shall have a simple user interface comprising of an LCD and LEDs to display 
information on voltages, the source supplying the loads and time.  
 The ATS shall have a Bluetooth and Wi-Fi IC for the system to be monitored remotely 
when needed. 
 The ATS shall include an IC for electric interlock, as such the interlock function will 
ensure that the loads are connected to one power source at a time and thus prevent 
unintentional paralleling of the power sources 
 It shall handle load interruptions in line with UL 1008 endurance ratings; especially at 
the tolerated current ratings. 
Technical requirements 
Technical requirements are derived from all aforementioned requirements and have to support 
reliability and sustainability among others. The derivation is essential and includes usability, 
task operation capacity, interfacing, as well as human interfaces and environmental safety in 
meeting the required standard. 
 It shall have a sufficient WCR (withstand and closing rating)  
 The ATS shall withstand over voltage/under voltage conditions 
 ATS components shall have an operating and acceptable temperature range from -20oC 
to +70oC (-4oF to +158oF). 
 ATS components shall have storage temperature range from -30oC to +85oC (-22oF to 
+185oF).   
 The ATS shall have a  50/60 Hz frequency rating 
 The ATS shall detect and display up to 260V on the LCD 
 Endurance tests 
 A continuous current rating greater than or equal to 40A 
 System voltage rating Up to 600Vac 
 The ATS shall be UV resistant.  
 Interrupt current rating must be equal to or exceed the transfer switch’s short-circuit 
withstand closing current rating. 
The above requirements which conform with UL, IEE, NEMA, and ANSI standards and codes 




 We assume that the proposed ATS will be installed in domestic, private enterprise, and 
industrial manufacturing and production facilities. 
 We assume that the facilities in which the ATS shall be installed shall be within the 
operating temperature ranges of all its internal components. 
 We assume that the MPS (primary source) is a hydroelectric power supply; HPS and 
the alternate source (APS), is a solar power supply; SPS.  
 We assume that at least the alternate source (solar) shall always be available. 
 We assume that the ATS system will be installed in an enclosed area. 
 We also assume that the user will be within the range of Bluetooth and Wi-Fi 
connection to the device.  
 This system will be used specifically at home, and it will be placed in a dry 
environment. 
3.8 High-level design 
The high-level design phase involves the use of abstraction to develop a conceptual hardware 
and software system model. Thereafter we shall break down the model into modules and 
subcomponents. Abstraction is necessary for generalizing things and it can be defined as 
focusing on one characteristic of an object rather than the overall group of characteristics. 
Abstractions permit the purposeful use of the laws of physics in electrical engineering and 
computer science to develop useful electrical and computer systems as well as complex systems 
[84]. Therefore, abstraction is the transition from the physical sciences, and it unities all three 
aforementioned fields. Abstractions are made through the discretization discipline which 
involves attributing a single element to discrete elements or a range of discrete elements. For 
example, in the electronics discipline, abstract representations or models of materials are 
known as circuit elements. The interrelation amongst these circuit elements forms a circuit. 
Equally important, a series of abstractions can be made depending on the requirements of the 
desired system. In simpler terms, abstractions like digital systems (microprocessors, logic 
gates, amplifiers, memories, finite-state machines, etc.) are used to easily develop complex 
systems. 
Furthermore, higher-level abstractions are reckoned in software and computer programming 
[84]. Abstraction here involves representing our solution into a clearly defined model (building 
blocks) using a sequence of abstract principles and rules and then implementing them to form 
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a software solution. The building blocks facilitate understanding, functioning, extension, and 
customization.  Some examples of software abstraction are FSMs, fuzzy logic digital 
controllers, neural networks, (PID) digital controllers, etc.[79], [84]. 
 
Consequently, the high-level design of an ATS is developed on a succession of abstractions. 
We made abstractions using a data flow graph (block diagram) to show the flow of information 
in our ATS system. Figure 3.5 depicts the hardware abstraction of the ATS system as proposed. 
 
Figure 3.5. The abstraction of the proposed ATS 
 
Figure 3.5 shows a conceptual model of the proposed ATS system model. Furthermore, this 





Figure 3.6. Proposed ATS data flow graph 
Figure 3.6 shows the data flow graph (flow of information) of the ATS system. It presents the 
overall behavior of the proposed ATS system and not specific operational details. The 
rectangles and ovals represent hardware components and software modules respectively. The 
data flow graph shows the inputs which are voltages from the two power sources. It also shows 
a central controller (executes source code at periodic intervals), and the load, LCD, and 
Bluetooth modules as outputs. The ATS is required to ensure a continuous flow of electrical 
power to the loads by monitoring the two power sources. It then initiates a transfer request and 
a transfer operation of power to the loads as determined by preset values programmed in the 
controller’s software. The system is made user friendly by including an LCD together with 
Bluetooth connectivity. The output of both sensors connected to the two power sources is a 
voltage. This voltage is converted into a range of values (0 to +5V) by the amplifier and sent 
to the ADC. The ADC routines module receives digital samples (converted from the analog 
voltages of the ADC) and operates with the Timer. The data is then sent to the controller’s 
software which compares the collected and calculated voltage samples with the preset values 
in its programmed code. The result is either maintaining the supply of power to the loads with 
the currently available source or the transfer of the loads to the next source. Which of course, 
is made possible through interfaces and actuators. All in all, the state of the system; (the 
voltages of both sources and the source which supplies the load) will be displayed on the LCD. 
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This information will also be displayed on a smart device through Bluetooth connectivity. 
Therefore, the aforesaid description is the expected overall performance of the ATS system. 
The three advantages of abstraction made in Figure 3.5 above facilitates change, customization, 
and optimization, thus the proposed ATS can be developed swiftly.   
3.9 Engineering design 
The engineering design phase entails the design of the hardware/software subcomponents using 
call-graphs and mockups techniques. 
 
Figure 3.7. Call graph of the proposed ATS system 
The high-level call-graph of the ATS system in Figure 3.7 is a hierarchical representation of 
how the high-level software/ hardware modules interconnect. Ovals represent software 
modules while the rectangles show hardware components. The arrows point from calling 
routines to the modules which they call and in the bottom-most, we have groups of I/O ports. 
Both the hardware and software initiate communication in the ATS system. The timer hardware 
calls the ADC software to amass voltage samples of the two power sources at regular intervals. 
These samples in the ADC software are called by the controller to get the voltages of the 
sources at that point. With this data, the controller software is able to dictate a transfer operation 
and updated the actuator to either switch the power supply to the loads or not. It then calls the 
LCD, and Bluetooth routines to display the status of the ATS system. Therefore, Figure 3.7 
illustrates the standard structural relationship of the proposed ATS hardware/software system 
and the conceptualized model of the ATS created in the high-level design. Moreover, 




It should be noted that a call flow graph portrays the flow of data only in one direction, and 
from one module to another. Comparatively, the flow of data can be in two or more directions 
in data flow graphs. 
3.9.1 Software scheme  
The software or firmware of the proposed ATS system is a sequence of written lines of codes 
dispatched into the Arduino Mega 2560. Like every embedded system, the hardware only 
functions through the firmware. Thus, they both function as a whole to form the overall ATS 
system. Unquestionably, their joint operation results in achieving the aim of executing 
initiation, switching, and power transfer between the hydroelectric and solar power sources. 
Thus ensuring a ceaseless supply of power to the loads. The ATS’s firmware was written in the 
Arduino IDE software using the C programming language (refer to Appendix E), and then it 
was tested and compiled to generate the “.hex” file needed by the controller. As such, the “.hex” 
file was extracted and uploaded into the memory of the Arduino Mega 2560. Therefore, the 
correlation between the firmware along with the interfaced internal and external hardware 
peripherals gives the ATS its distinct traits. 
3.9.2 Hardware Interfacing 
The method of connecting and linking two or more electronic components or devices through 
their input and output configurations, for them to operate together and form circuits is called 
Interfacing. Software and hardware interfaces are efficiently organized to work together in 
operational devices. Software interfaces control one-way and two-way input and output ports 
that drive peripheral devices and their electronic circuits. Hardware interfaces configure input 
and output ports while making them viable for connection to other external devices. The 
process of interfacing therefore extends beyond the scope of merely using software schemes 
and programs to control devices. Furthermore, for electronic circuits to be useful, impactful, 
and valuable, they have to be able to effectively interface with the real world. Thus, making it 
important to have electronic interface systems in ATSs as their adaptation bridges the 
communication gap between the physical and the digital worlds.  
For purposes of the organization of this research dissertation, the hardware interfacing will be 
presented in Chapter 4 and in line with the top-down design approach. The following chapters 




This chapter expands on the technical methodology of this research, making it vital as it takes 
a subjective and interpretative approach in reviewing, and analyzing the abstractions of both 
the hardware and software design modules of the ATS. Next is Chapter 4 which is a 
continuation of the ATS design and it focuses on hardware interfacing.  
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CHAPTER 4. INTERFACING AND IMPLEMENTATION OF THE 
PROPOSED ATS. 
4.1 Introduction 
Modeling an ATS requires electric and electronic components which are crucial in determining 
how secure and reliable the switching of power supply sources to loads is done. Accordingly, 
the design of the ATS modules shall be interfaced with fewer circuit elements during the 
hardware or power electronics design to reduce component count, cost, and losses. It is 
indispensable to choose the appropriate components for every hardware design and interfacing 
as well as taking in to account the technical and non-technical aspects. All electrical and 
electronic component interfacing are drawn using the CAD software; “draw.io/diagram.net”. 
4.2 Proposed ATS System 
The proposed ATS system shall be applicable in domestic and industrial facilities and it shall 
equally achieve the research objectives in Chapter 1 (see pg.6). By so doing, it will maintain a 
continuous supply of electricity to electrical loads and assist developing countries especially 
African countries in accelerating their electrification efforts to meet the IEA’s SDG7, 
Sustainable Development Goal 7, and the UN “Sustainable Energy for All initiative to eradicate 
electricity access deficit by 2030. As the name “Automatic Transfer Switch” indicates, the 
proposed ATS makes use of the automatic mode of operation of a transfer switch. A brief 
operation of the ATS follows. The ATS shall be connected to two power supplies and a load(s) 
to ensure a ceaseless supply of electricity to the load(s). This will occur by automatically 
transferring power from the main supply to the alternate power supply in the event of failure 
of the main supply. In fulfilment of this aim, the system will be programmed to continuously 
and consistently react in case of a blackout or an outage on the two power supplies. 
Furthermore, it shall initiate and execute a power transfer operation to the alternate source. 
When there’s a power failure on the hydroelectric power supply, the ATS shall automatically 
initiate and execute a transfer operation by swiftly disconnecting the power from the 
hydroelectric supply and then connecting the loads to the solar supply. The hydroelectric power 
supply would continuously be monitored by the ATS. When it becomes available, the ATS will 
restore the supply of the loads from the solar to the hydroelectric power supply. In evaluating 
whether to transfer the supply of the loads to either of the two power supplies, the controller 
within the ATS would measures valuables namely: voltage, frequency, and phase angle. These 
valuables shall be deemed inadmissible when out of the user-defined range required by the 
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particular installation network and vice versa. As such, prerequisites of the sources shall induce 
the controller to initiate and transfer the supply of power to the loads. The block diagram in 
figure 4.2 below depicts the structure of the proposed ATS. 
 
High-speed switching shall be achieved by using triacs (bidirectional semiconductor switching 
devices) and a microcontroller. The proposed ATS circuit design consists of the following 
paramount modules; power sources, the regulated power supply, surge protection, voltage 
monitoring, controller, switching, display and signalization, and the storage and wireless 
connectivity modules as shown in the block diagram in Figure 4.1. 




Figure 4.1. Block Diagram of the proposed ATS 
 
4.3 Power supply modules 
Global warming is detrimental to the whole world as it is a major aspect of climate change. In 
line with efforts to mitigate global warming, the world must shift from the use of fossil fuels 
to generate electricity, and endorse renewables which are cleaner and sustainable. For these 
reasons, we decided to use renewable energy sources namely: hydroelectric and solar in this 
research. That is the main power supply is a hydroelectric source and the alternate power supply 
is a solar source. Furthermore, it is assumed that the solar source will always be available.  
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The ATS’ electronic circuit elements (especially the microcontroller) require a DC supply 
voltage and not AC. This means they cannot support 220/230V of hydroelectric and solar 
power supplies. For this reason, the 220/240 V must be stepped down and rectified before 
delivering the output voltage to the microcontroller. This unit will have a rectifier circuit. A 
rectifier circuit is one that converts AC to a needed DC voltage of any level. Similarly, the 
output current originates from the transformer and becomes tolerable by the circuit elements. 
The 220V from the hydroelectric power supply is stepped down using a stepdown transformer 
then it undergoes full wave bridge rectification by the four diode circuit to obtain +12V. The 
capacitor then filters the voltage before it is sent through the LM7833 voltage regulator to 
procure a positive DC output voltage (+5V) at the output of the regulator as depicted in Figure 
4.2. This +5V is used to supply the microcontroller.  
 
Figure 4.2. Rectified DC voltage 
 
Choice of components and specifications  
The power supply mode is made up of the components shown in Figure 4.2. That is a 
transformer, four diodes, a capacitor, and an IC voltage regulator. A concise description of the 
components follows: 
4.3.1 Transformer  
12Vac/1A transformer with 2V ripple voltage and a 0.7V forward voltage drop made possible 
by the four diodes steps down the 220V input voltage from the hydroelectric power supply to 
12V. The transformer’s peak output voltage (Vp) is given by: 
 




4.3.2 Rectifier diodes  
The choice of diodes depends on the output voltage of the transformer. Importantly, their peak 
inverse voltage must tolerate two times the transformer’s peak output voltage (Vp) and its total 
forward current as shown in equation (1). Also, the amplitude of the output of the rectifier (Vdp) 
for a full-wave bridge rectification is given by equation (2). 
 
𝑉𝑑𝑝 = 𝑉𝑝 − 2𝑉𝑑 (2) 
𝑉𝑑𝑐 = 2𝑉𝑃/𝜋 (3) 
 
Where,  
Vrms is the transformer’s output voltage and 
Vp is the peak output voltage of the transformer 
Vdp equals amplitude of the output of the rectifier 
Vd equals forward voltage drop across the four rectifier diodes 
Vdc equals the average output voltage of the rectifier 
 
These four rectifier diodes must function efficiently so as not to destroy the junction. For this 
reason, they must each have the aptitude to withstand the peak inverse voltage. Importantly, 
the individual peak inverse voltage of the diodes in the circuit in Figure 4.2 above (pg.70) 
should correspond at the very least to the maximum output of the transformer’s secondary 
voltage. Therefore with this in mind, four 1N4007 diodes were chosen. Each has a 0.7V bias 
voltage, a 1000V peak reverse voltage, and 1A maximum current rating.  
4.3.3 Filtering capacitor  
The four diodes procure a pulsating DC voltage that increases to a maximum and then 
decreases. In contrast, the ATS requires a sustained balanced DC voltage without variations or 
ripples. As such, a capacitor is used to filter the pulsating voltage. For an appropriate selection 
of the capacitor, its voltage (Vc) and capacitance ratings must be determined. Vc is derived from 
equation (4) below since the capacitor needs to tolerate 1.5 times the forward voltage drop of 










Vp is 16.97V and it’s obtained from the transformer. 
From (2) Vdp = 16.97V - (2 x 0.7) = 15.57V 
From (4) Vc = 1.5 x 15.57V = 23.6V 
 
The capacitance of the capacitor, C is influenced by the ripple voltage VR and can easily be 
derived from it according to equation (5) and (6). Moreover, the capacitance of the capacitor, 
C must be able to decrease VR to roughly 30% of the rectifier’s output voltage. VR is the ripple 
voltage. 
 
















Imax equals the transformer’s maximum current (1A) and  
f, the frequency of the power supply (50Hz).  
 
From (4) VR = 4.67V 
And by substituting VR in equation (7) we obtain: 
 
C =   
1
2 × 𝜋×50 × 4.67
 
 
Implies that C = 681.61μF 
It should be noted that the above values are not available in the market. As such we chose the 
next closest available higher rating. Therefore, the voltage and capacitance ratings of the 





4.3.4 Voltage regulator 
This component must be used to regulate power for it to obtain a stable and fixed voltage 
required by the microcontroller. We chose the 7833 which belongs to the LM78** series of 
regulators. LM7833 is a fixed 3.3 V, 1A positive power supply regulator. Its input voltage 
range is from 14.6V and 35V while the output is 3.3V fixed. Thus suitable for our application 
since Vdp is 15.6V (amplitude of the rectifier). 
4.4 Overvoltage protection module 
Various power supplies are susceptible to operational failure. One of the fundamental causes 
of this dilemma can be attributed to overvoltage, for instance: voltage spikes, surges, and 
voltage swells. Overvoltages are rapid electrical transients (temporary unwanted voltages) 
which usually occur for short durations. They can be caused by accelerated surges, occurring 
in short and volatile electrical intervals/transients (overvoltages) in the electric vantage ground 
of a circuit. They are typically caused by a fault in transformers, the natural occurrence of 
lightning strikes, power outages, short circuits, utility supply malfunctions, inductive spikes, 
as well as power transitions in considerably large equipment, and many other factors. All 
electrical and electronic equipment have specific voltage ratings for their operation. This means 
their control and operation are affected by overvoltages resulting in failures, damages, and 
other power quality problems. Consequently, overvoltage protection is required in circuits. 
Protective devices or a collection are used to divert (shunt) overvoltages thereby protecting 
electrical and electronic circuits from damage. That said, it is beneficial to add protection to 
avoid and reduce overvoltage in circuits designs. Quite a varying number of techniques can be 
used to implement overvoltage protection. For instance; overvoltage crowbar, voltage 
clamping, and voltage limiting. Surges or overvoltages are harmful to ATSs [37], so they must 
be protected for continuous operation and reliability. An overvoltage protection circuit can be 
implemented or the use of surge protective devices to protect the ATS [37], [38]. In this 




   
 
Figure 4.3. Overvoltage protection 
 
The thyristor crowbar over-voltage protection circuit in Figure 4.3 is used to protect the low-
cost, fast, and efficient ATS which was developed. The circuits can be interfaced between the 
regulated 5V power supply and the microcontroller and other circuit elements. The choice of 
the Zener diodes specification is with regards to the nominal output voltage and current. To 
avoid damage, the Zener diode’s voltage (6.2V) is set below its damage point and above the 
normal operating voltage of the output (5V). In this state, no current can flow through the Zener 
diode because its breakdown voltage is yet to be reached. Also, the thyristor (SCR) remains of 
since no current flows through it. Thus, 5V protected voltage is present at the output. This is 
possible because the Zener diode is traditionally used to produce a fixed protected voltage of 
5V. This 5V can easily be achieved by utilizing the series resistor to ensure a limited flow of 
current via the Zener diode. This resistor also protects the Zener diodes by taking up any excess 
voltages. R can be determined by equation (8) below: 
 
𝑅 =






Vin equals input voltage,  
Vz equals output voltage  
Iz equals the current through the Zener diode. 
When the voltage starts to rise above 5V in Figure 4.3 (a) or the transistor fails in Figure 4.3(b) 
and gets to the breakdown voltage of the Zener diode, its conduction begins. As such, the 
current will flow and get into the thyristor’s gate thereby triggering it. This is known as the 




ground. The created short circuit can also be used to blow an electronic component such as a 
fuse for instance to further isolate the circuit from damage. The decoupling capacitor connected 
to the gate of the thyristor and the ground inhibits sharp transients leading to spurious triggering 
pulses that are harmful to the gate connection and the entire circuit [85]. 
An overvoltage protection circuit comprising of a Zener diode and transistor buffer is 
implemented in the LM7833 [86]. Therefore, for purpose of reducing component count and 
overall cost of the ATS the overvoltage protection circuit in Figure 4.3 will only be necessary 
for the proposed ATS. It is primordial in ATS circuits in which the power supplies are neither 
protected by surge protective devices nor designed with internal overvoltage protection.   
4.5 Monitoring modules 
The two voltage monitoring modules of the ATS system monitors the user’s predefined 
electrical parameters of the hydroelectric and solar power supplies. The quantities are voltage, 
current, and frequency. It should be noted that these quantities do vary with respect to a 
particular ATS load application. That is domestic, commercial, and industrial loads or facilities 
differ in load power consumption. The implication of this is that first and foremost a 
comprehensive apprehension of the electrical quantities of loads with which an ATS can be 
coupled is required. Although ICs do exist which play such a role, we shall instead develop a 
circuit that will be linked to the microcontroller and in turn, monitor the two power supplies. 
In principle, these modules will operate like sensors and they shall ascertain the availability or 
non-availability of the power supplies.  Table 4.1 outlines the typical chosen electrical 
quantities and the acceptable ATS monitoring ranges for a domestic load.  
Table 4.1. Typical electrical quantities monitored by the ATS  
Electrical Quantities Acceptable value or range 




The electrical quantities in Table 4.1 shall be monitored by the microcontroller. These values 
shall be rectified and scaled to values which can be handled by the microcontroller and as a 
matter of course, it shall react to under-voltage, overvoltage, or complete power failures. An 
example of an under-voltage or overvoltage scenario is when the voltage is below 180V or 
above 230V respectively. While a power failure is the absence of electrical power. The 
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occurrence of any of these three scenarios results in the ATS initiation and power transfer 
operations. These operations are performed by the microcontroller and power transfer modules. 
Therefore, these quantities shall be used in the simulation and testing of the ATS. 
4.6 Microcontroller module 
A microcontroller (MCU) is a handy compact computer on an integrated circuit chip designed 
to govern specific operations in embedded systems. “Micro” refers to its small size, while 
“controller” implies that it can be used in a range of control-based applications. 
Microcontrollers are sometimes called embedded controllers since they are usually built-in 
devices [87], [88].  Microcontrollers are literally be found everywhere and they are used for 
automatic control of peripheral devices [89]. A generic microcontroller includes its memory, a 
processor, and peripherals (I/Os) on a single chip. All MCUs operate on user programs or a set 
of instructions written in their program memories. As such they carry out required operations 
based on these instructions. Data is obtained from input peripherals and treated under the 
control of the written programs and further sent to the outputs to engage with the external 
environment. Microcontrollers are designed for embedded applications. Automatic transfer 
switches are embedded systems; thus, ATS systems must utilize microcontrollers that are 
embedded within them for their automatic control operations.   
4.6.1 Choice of microcontroller 
Various types of microcontrollers produced by different manufacturers exist and are available 
in the market in great quantity. Also, a variety of widely available microcontrollers, consist of 
a range of I/O devices, for instance; timers, analog to digital converters (ADC), parallel ports, 
digital to analog converters (DAC), and serial ports. These I/Os are an important element in 
determining the exact microcontroller for an implementation; in this case, the ATS system, 
because they provide the necessary functionality. Nevertheless, this research shall particularly 
adapt the Arduino Mega 2560 for the proposed ATS system design. Arduino Mega 2560 has 
an incorporated ATmega 2560 microcontroller (MCU). The ATmega 2560 is an 8-bit RISC 
programmable interface microcontroller belonging to the AVR MCU, a range of products 
formerly produced by Atmel but recently acquired in 2016 by Microchip Technology Inc.[90]. 
Importantly, before arriving at the point of choosing the Arduino Mega 2560 for this research, 
the ATS system operation, interfacing, and application were first considered before the search 
for a powerful and affordable controller to fulfill the ATS aims. Apart from already being 
familiar with Arduino Mega 2560, the other reason for its choice as a controller for our 
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proposed ATS was its ease of understanding and overall it’s powerful enough to handle the 
automatic control of an automatic transfer switch. Table 4.2 presents other beneficial features.  
Table 4.2. Features of the Arduino Mega 2560 [91] 
Features Arduino Mega 2560 
Microcontroller ATmega 2560 
Analog Input Pins 16 
Operating Voltage 5V 
DC Power Jack Yes (6V – 20V) 
Flash Program Memory  256 KB (8 KB used by bootloader) 
Clock speed 16 MHz 
EEPROM Data Memory  4 KB 
SRAM  8KB  
Recommended Input Voltage 7 – 12V 
Digital Input/output Pins 54 (15 provide PWM output) 
USB Yes (MAX3421E) 
External Interrupts 6 
Shield compatibility Yes 
Serial Communications 4-UART, 5-SPI, 1-I2C 
 
The Arduino Mega 2560 has an EEPROM Data Memory (4 kilobytes) as shown in Table 4.2. 
This among others is a special feature and it stands for Electrically Erasable Programmable 
ROM. In simple terms, we can read/write an unlimited number of times because it uses FLASH 
memory technology. EPROMs are not affected by the loss of power as their contents remain 
saved and unchanged. Therefore, data created and acquired during the ATS operation shall be 
stored in the EEPROM. Another special feature of the controller is Interrupts. It will not be 
practical if the ATS endlessly monitors the power supply. Instead, the use of interrupts will 
enable the Arduino Mega to respond only when there is a blackout or power outage or when 
the power supply is restored.  Just like any other controller, the Arduino Mega is based on 
Harvard architecture. The edge, which the Harvard (former) has over the Von Neumann 
architecture (latter) is its separate address and data bus(es) configurations and not joint as in 
the case of the latter. This edge makes the CPU to simultaneously read/write both instructions 
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and data to and/or from memory. Unquestionably, the Arduino Mega 2560 and other 
microcontrollers who use the Harvard architecture are faster in processing information. 
4.6.2 Programming Language 
Traditionally MCUs were programmed with assembly language to target devices and 
embedded systems. Despite being faster, assembly language has several disadvantages for 
instance; mnemonics and lots of difficulties to maintain the assembly program. Emerged high-
level programming languages, including BASIC, PASCAL, JAVASCRIPT, PYTHON, and C 
are now recurrent in programming microcontrollers and embedded systems [77], [87]. The 
edge, which high-level languages have over the assembly language includes ease of learning 
and fluid development of very large and complex programs. The choice of a programming 
language for an embedded system is determined by the selected microcontroller. The proposed 
ATS system uses the Arduino Mega 2560 microcontroller. Therefore, we utilized the C 
programming language due to its compatibility with ATmega 2560 microcontroller. 
4.6.3 Choice of compiler 
A computer program, which translates source code into a desired targeted language to generate 
an executable program is known as a compiler. The source code or computer code is first 
written in a high-level programming language and then it is progressively converted into 
assembly language or machine language (code). These are lower-level languages. Compilers 
were conceived to ease the difficulty encountered when using either machine language or 
assembly language in programming microcontrollers. The process of deciding which compiler 
is suitable to utilize when writing the programming code of the ATS comes next after the 
selection of the Arduino Mega 2560 MCU and the C programming language. There are many 
different types of compilers. Some examples of C language compilers useful for Arduinos are 
given in Table 4.3. 
Table 4.3. Types of compilers 
Compiler Developer 
Arduino IDE Arduino 
Arduino Web Editor Arduino 




Although all the above compilers have interesting features, the best suitable for the design of 
our ATS system is the Arduino IDE compiler. This is due to its friendly user interface, a large 
number of library functions, its integrated development environment with a built-in simulator 
and in-circuit debugger. To add, the Arduino IDE software is open-source. 
4.6.4 Interfacing the Arduino Mega 2560 
The Arduino Mega 2560 plays a vital role in the ATS. It is connected to all modules which 
make up the ATS and it literally serves as the “brain” of the ATS.  Its sole purpose is to handle 
the automatic control operation (i.e. initiation and transfer) of the ATS. For this reason, it must 
be interfaced with all the ATS modules. Microcontrollers connect with other circuit elements 
via I/O ports (or pins). Inputs and outputs ports exist in either analog or digital and they are 
grouped into four categories namely: parallel, serial, analog/digital, and time. Figure 4.4 depicts 
the Arduino Mega 2560 interfaced with the other ATS modules 
 
Figure 4.4. Power supplies and load interfacing using Arduino Mega 2560 
The I/O devices are a crucial part of an ATS system, as they make the system more 
communicable, efficient, and functional. Figure 4.4 presents an overview of the Arduino Mega 
2560 connected to the ATS circuit elements. Information is gotten from the state of both the 
hydroelectric power supply and the solar supply through the input ports.  Next, the information 
is processed and the necessary operations are carried out on the instruction set written in 
EEPROM memory. During this process, the Arduino Mega 2560 determines whether or not to 
initiate and transfer the loads from either power supplies. Also, the display and alarm modules 
inform/alert the users on the state of the ATS system. These modules can also be referred to as 
the man-machine interface (MMI). 
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4.7 Power transfer or switching module 
This module is responsible for transferring power between the two power sources. That is 
switching from the hydroelectric to the solar source during a power failure. Unlike the case of 
using relays that require high-speed driving technology for an appreciable outcome, the use of 
triacs offers a greater possibility of rapidly switching between power supplies. Triacs are 
bidirectional semiconductor switching devices. Furthermore, triacs can switch in both halves 
of an AC waveform, and triacs switching circuits are less complex than other switching 
counterparts. This of course is beneficial for reducing component count and overall cost of the 
ATS. The function of the triacs is to swiftly transfer or switch power to the interfaced load 
(lamp) easily from the hydroelectric source to the solar and vice versa. Figure 4.5 below 




Figure 4.5. Triac and load interfacing to the Arduino Mega 2560 
Triacs are turned on when a positive or negative pulse triggers their gate and they turn off either 
when their supply voltage drops down to zero or when the current flowing through them drops 
below their minimum holding current. Figure 4.5 (a) shows a triac with a snubber network (RC 
circuit). Snubber networks are applied to triacs prone to false triggering and those who lose 
control when the voltage across them rises very quickly. Hence the snubber network hinders 
the rapid voltage rise. Alternatively, Figure 4.5 (b) shows a snubberless triac circuit. The 
snubberless ones are recently developed triacs and they are not affected by voltage variations. 
Though the two triacs circuits above can be used in the ATS, we shall implement the circuit in 
Figure 4.5 (b) due to the need to reduce the component count to achieve a low-cost ATS. The 
Arduino Mega 2560 is responsible for triggering the triacs and in turn the triacs execute the 




and triac 2. Triac 1 is connected to the hydroelectric source whereas triac 2 is linked to the solar 
source. In the normal ATS state of operation, triac 1 is on while triac 2 is off, hence the lamp 
is supplied with the hydroelectric supply. Whenever a power failure occurs on the hydroelectric 
supply, the microcontroller then initiates a transfer action through operations on the instruction 
list saved in its memory. Then a “0” logical state appears on the pin connected to triac 1 for it 
to switch off and a “1” logical state appears on the pin connected to triac 2 for it to switch on. 
This implies that triac 1 disconnects the hydroelectric supply from the lamp and triac 2 connects 
the solar supply to the lamp. The reverse happens when the hydroelectric source is restored. 
This break and make sequence is referred to as open transition.  
4.8 Electrical Loads 
Electrical loads are devices or parts of circuits that consume electrical power. Generally, loads 
are supplied with electricity through a main or utility power supply originating from a power 
grid. Depending on the location or application together with rules set by policymakers, they 
are usually categorized into the following: normal loads, emergency loads, important loads, 
and critical loads. Often normal loads may only require the utility power supply while all other 
categories require at least two power supplies namely; the utility and a standby power supply. 
This is so because the unavailability of power supplied to loads belonging to these other 
categories results in the possible loss of human life as well as information and financial losses. 
In contrast, the state of the power sector in developing countries has seen a rise in the 
application of standby power supplies for normal loads. For this reason, we propose an 
automatic transfer switch that will sustain a ceaseless supply of power to all the aforementioned 
load categories as it shall be applicable domestically, commercially, and industrially.  For the 
motive of simulation, a 220V 60W light bulb was used as the load in this research and it is 
connected to both the hydroelectric and solar power supplies together with the Arduino Mega 
2560 and the triacs as shown in Figure 4.5 above. Definitely, in a real-life scenario, the 
application of the various types of loads (e.g. inductive or capacitive) and their characteristics 
(power ratings) must be thoroughly analyzed and understood before applying with the ATS 
configuration. 
4.9 Design of feedback module 
Fourth Industrial Revolution, also known as 4IR or Industry 4.0 is set to change society like 
never before. This revolution necessitates real-world systems to be automatic and self-
regulating. That is once set up, real-world systems should function smoothly and not needing 
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continuous human intervention. In other words, the automatic and self-regulating aspects of 
these real-world systems receive output feedback that gets into the system via its input. The 
feedback information is then processed and informs both the system and operator on whether 
or not the system’s output function is being or has been realized. In response to one or more 
combinations of states present on each of the lines linked to the input pins, the Arduino Mega 
2560 must induce a change of state on each of the lines linked to its output pins. As such, we 
propose an ATS system with feedback. Figure 4.6 shows the feedback circuit connected to the 
microcontroller.  
 
Figure 4.6. Feedback on the supply of the load 
For clarity, Figure 4.6 shows the feedback mechanism implemented at the level of the load 
(lamp). This feedback mechanism notes whether or not the loads are supplied as well as the 
particular source (MPS or SPS) supplying the loads. This information is then sent into the 
Arduino Mega 2560. Next, the microcontroller processes the feedback information and 
engenders a positive response by maintaining the supply of the loads from either power supply. 
On the other hand, a negative response is engendered if both power sources are unavailable by 
isolating the load from the two sources. Therefore, preventing the two power supplies from 
supplying to the electrical load (lamp) at the same time. Thus preventing a catastrophic 
situation and lead to a fire outbreak. Accordingly, the ATS shall inform the user via the LCD 
and LEDs. 
It should be noted that to reduce component count and overall cost of the ATS, the rectifier 
circuit above will be excluded and the Arduino Mega 2560 would be responsible to put on/off 
the LEDs depending on the state of the ATS system. 
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4.10 Display and Signalization modules 
These modules consist of an LCD, LEDs, and a buzzer. They are interfaced and controlled by 
Arduino Mega 2560 with the purpose to inform the user of the state of the ATS system. Today, 
LCDs are very popular because of their low power consumption and versatile displays within 
embedded systems [92]–[94].  LM044L which is a 20x4 Alphanumeric LCD was chosen as the 
display for the ATS. The LM044L LCD shall display the measured voltage values and the state 
of the ATS. That is voltage values, the state of the two power sources, and the particular power 
source supplying the loads. Furthermore, the ATS system shall have four LEDs titled with their 
respective colors namely; Green, Blue, Yellow, and Red. These LEDs shall equally be 
controlled by the microcontroller to inform the ATS user. Table 4.4 shows the meaning of the 
utilized 4 LEDs. 
Table 4.4. Description of LEDs 
LEDs Description 
Green Hydroelectric Power supplies the loads 
Blue Solar Power supplies the loads 
Yellow System Faults 
Red Unavailability of both power supplies 
 
The Buzzer is a sound signaling device generally utilized as an alarm in systems. It was 
therefore included in the ATS. Just like the LM044L LCD and 4 LEDs, the buzzer shall be 
controlled by the Arduino Mega 2560. It was programmed to only release sound when neither 
the hydroelectric power supply  (HPS) nor the solar power supply (SPS) is available.  
4.11 Storage and Wireless Connectivity modules  
As from 2017, we often hear the common refrain, “data is the new oil”[95], [96]. Data is a core 
aspect of innovation and it’s without a doubt that it drives all 4IR technologies. Similarly, 
embedded systems improvements and innovations are due to data accessibility. Therefore, it 
can be said that data generated from design artifacts, testing, and simulation results are 
fundamental assets of manufactures of embedded systems as well as all other systems. 
Likewise, the same applies to automatic transfer switches. The proposed ATS needs to store 
data on all its operations. For this reason, we included a micro SD card in which information 
84 
 
on the ATS operation will be stored. Therefore, this data will come in handy for future work 
(improvements/innovations).  
The growth of IoT (Internet of Things) is a definite game-changer in the world we live in today. 
The interrelation of computing and other types of devices and their self-ability to convey data 
via a network is referred to as the Internet of things [97]–[100]. Embedded systems are at the 
cornerstone of deploying IoT solutions and applications. That is, embedded systems are real-
time systems that make use of RTOs (real-time operating systems) to execute their designated 
task or operation in real-time. Embedded systems are primarily responsible for channeling data 
obtained from sensors to get connected to the internet. They can easily connect to networks and 
the internet via serval connecting wired channels (e.g. Ethernet/optic fibers) or wireless 
modules. Some examples of wireless modules include GSM/LTE, Bluetooth, Wi-Fi, and 
ZigBee [100], [101]. Similarly, an ATS is an embedded system and IoT solutions can be 
deployed with it. We propose an ATS with Bluetooth and GSM modules. The GSM module 
(SIM900D) informs users by sending information in an SMS. While in the case of the Bluetooth 
module (HC-05) interfacing, the users are required to have an app. The app is needed for remote 
monitoring and it must be within the connectivity range. As a result, these modules will help 
the user to keep track of the ATS system. However, to further reduce the cost of the ATS the 
Wi-Fi module was excluded in this research study. 
To conclude, the firmware along with the collection of the I/O peripherals and hardware form 
the overall ATS interface circuits and gives its distinctive functional characteristics. Therefore, 
this point marks the end of the engineering design of the proposed ATS vis-à-vis the top-down 
approach. 
4.12 Implementing the ATS system in Proteus Software (v. 8.9) 
This is the next phase in the proposed ATS system design. Given the complexity of today’s 
advanced product designs, cycle times, and supply chains, designers need visibility into the full 
production process flow and development. This is to reduce system cost, improve reliability, 
and the time to market cycles. Traditional CAD models were characterized by long design 
patterns as a result of multitudinous and high-priced design rework. Recent CAD tools on the 
other hand are advantageous due to their advanced simulation features and options. Simulation 
greatly reduces the all-inclusive cost during the cycle of an embedded system design (analysis-
design-implementation-testing cycle). As such, we used Proteus Design Suite Version 8.9 to 
implement the firmware and hardware of the ATS system. “Proteus Design Suite is a Labcenter 
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Electronics Ltd. proprietary software tool used primarily for electronic design automation 
(EDA). Furthermore, it is a Windows application for schematic capture, simulation, testing, 
and layout design of printed circuit boards (PCB)” [102]. Figure 4.7, which follows, depicts 








Nowadays, circuit simulation is recurrent among design engineers and researchers as it 
provides a means of analyzing circuit performance as well as achieving accurate results. 
Proteus circuit simulator software was used to design, simulate, test, and debug the ATS 
system. In Figure 4.7 above the Graphical User Interface of Proteus 8.9 software shows the 
schematic of the designed proposed ATS system. The circuit schematic was formed through 
interfacing conventional symbols of the chosen components which represent the different 
aforementioned ATS modules. The written firmware (refer to Appendix E) was uploaded into 
the Arduino Mega 2560. This made it possible to co-simulate the firmware running in the 
Arduino Mega 2560 with the entire ATS circuit (hardware). As such, the interaction of all 
circuit elements was fully analyzed and plots of the ATS circuit response can be obtained. It 
should be noted that two sets of switches were added to the schematic in Figure 4.7. This was 
to effectively simulate the circuit and evaluate the ATS response during brownouts and power 
failures. 
4.14 Conclusion 
This chapter presented the hardware interfacing of all the ATS modules (drawn with 
diagram.net), the design and implementation of these modules in Proteus circuit simulator 
software along with the simulation. The design was explained and discussed in detail, described 
how each ATS module shall operate. The interaction, tests, and performance of the ATS design 
leads to the results necessary to evaluate the ATS system. The following chapter describes the 












CHAPTER 5. TESTS, RESULTS, AND DISCUSSIONS  
5.1 Introduction 
The nature of ATS systems involves complex and real-time interaction between the firmware 
and hardware. The testing phase of the ATS assesses its performance and presents the results 
of the circuit response. Operations involved here are system debugging, functional validation, 
and performance optimization to improve accuracy, speed, reliability, efficiency as well as 
stability of the ATS. Similarly, functional testing and system testing was carried out on the 
ATS design. Functional testing evaluates the compliance of the written firmware. While system 
testing was performed on the entire ATS design and it evaluates the ATS’s behavior, 
expectations as well as both the firmware and hardware interaction. 
 
5.2 Functional testing, analysis, and validation 
Functional testing was conducted on the ATS design to evaluate its compliance with specified 
functional requirements in Chapter 3 (refer to pg. 60). This testing vividly describes what the 
ATS system does and primarily we based the tests on the specifications of the firmware. The 
flow chart in Figure 5.1 below represents the firmware algorithm of the ATS and its successful 
implementation validated all functional tests.  
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5.2.1 Flow chart 
 
Figure 5.1. Flowchart of the ATS system 
Figure 5.1 above shows the flowcharts used to implement the ATS. It represents how the 
firmware reacts to inputs and then responds to obtain the desired outputs. In the beginning, the 
system is switched on and then an immediate decision to supply the loads is based on the 
availability of the power supplies. As stated earlier, we assumed that the solar power supply 
(SPS; alternate power supply) will always be readily available (see Assumptions pg. 62). As 
such verification will be primarily on the hydroelectric power supply (HPS; main power 
supply) followed by the SPS.  When the MPS is available and within the acceptable voltage 
range the AC load (lamp) is then supplied with the MPS. On the other hand, the APS supplies 
the AC load in the absence of the MPS. In addition to this, input and output data as well as the 
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ATS operations are stored. The firmware is design to ensure the AC load (lamp) has a constant 
supply of electricity regardless of brownouts or power failure which occur on the MPS. 
In the functional testing of the ATS design we did the following: 
 Corrected errors and debugging of the ATS source code. 
 Evaluated the functions which the ATS firmware must perform. 
 The reaction of the ATS firmware to inputs and to give the desired outputs. 
 Ensured the storage of inputs and output data as per the functional specifications. 
 Comparison of the obtained and expected outputs. 
 Verified whether the ATS firmware worked as required.  
The results from the functional testing on the firmware follows: 
Table 5.1. Functional testing and Results 
Tests Results 
Debugging the ATS source 
code 
The bugs found in the source code were successfully resolved 
Evaluation of the firmware 
functions 
The comparison and conversion functions worked 
appropriately 
Reaction to inputs When the firmware was subjected to input changes, it reacted 
accordingly to produce an output 
Comparison of obtained 
and expected outputs 
In a general perspective, the firmware’s outputs in reaction to 
its inputs are in line with the outputs that we expected 
Creation and storage of 
input and output data 
The data storage function executes correctly. Both input and 
output data is stored 
Verification of the working 
of the firmware 
Overall the written firmware worked as designed and as 
required. 
 
5.3 System testing, analysis, and validation 
The ATS system testing was carried out on the entire ATS design. It evaluated the system's 
compliance with all its specified requirements and specifications listed in Chapter 3 (consult 
pg. 62). Since these tests were run on the entire ATS system, they are aimed to detect defects 
within both the various modules and the ATS as a whole. Moreover, system testing must meet 
the ATS objectives mentioned in Chapter 1 (refer to pg.6). Table 5.2 below describes the tests 
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run on the ATS modules. The actual results represent the ATS behavior or responses as the 
modules were tested. 
Table 5.2. System testing and results  
Modules Tests Results 
5V Power Supply  Use of a DC voltmeter within 
Proteus v8.9 software to verify 
a 5V rectified voltage required 
by the ATS components  
The required 5V was obtained at the 
output of the rectifier circuit and it 
was used to supply the ATS 
components. 
Monitoring Use of two variable resistors to 
simulate brownouts and power 
failures on the MPS and APS 
The variable resistors enabled the 
simulation of power failure 
Controller The ATS source code was 
downloaded into the Arduino 
Mega 2560 to simulate the 
operation of the system 
The ATS executed the ATS source 
code as expected and without bugs. 
Switching The two TRIACs interfaced 
with the MCU and power 
supplies realized seamless 
switching    
The TRIACs successfully switched 
between the two power supplies 
while preventing the occurrence of a 
back-feeding collision of the two 
power supplies. 
Electrical loads Verification of the continuous 
supply of power to the load 
(lamp) 
Switching operations of the ATS kept 
the loads constantly supplied even 
during power failures.  
Feedback Verification of the state of the 
LEDs used to represent the 
feedback of the ATS system as 
its status changes 
The three LEDs came on to indicate 
either the availability or not of the 
MPS and APS as well as their supply 
to the loads 
Display and 
Signalization 
Verification of the buzzer 
sound and information 
displayed on the LCD  
The buzzer sounds when both power 
supplies are unavailable and the LCD 
continuously displays information  
Wireless 
Connectivity 
To verify connectivity of a 
portable device to the ATS via 
Users can successfully connect to the 
ATS using Bluetooth. Also, users 
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Bluetooth and GSM and the 
reception of data 
receive information on the ATS state 
as messages originating from the 
GSM module.  
Data Storage Confirmation of storage of data 
in the SD card 
Data on the duration of availability 
and non-availability of the power 
supplies as well as the occurrence and 
reason for ATS switching is safely 
stored in the SD card.    
 
Table 5.2 above is a summary of the ATS system testing and the results obtained. A detailed 
description of the results follows:  
5.4 Performance evaluation 
The performance of the proposed ATS system based on simulation results follows. 
5.4.1 Operating Scenarios 
All ATS modules interfaced in chapter 4 were tested to meet the objectives of this research 
study (see pg. 6) together with the functional and performance requirements presented during 
the analysis phase of the ATS design (refer to Requirements, pg.59).  




Solar Power Supply 
(SPS) 
Switching 
First 1 1 0 
Second 0 1 1 
Third 0 0 0 
 
Table 5.3 above is a truth table for the operation of the ATS system. It depicts the main 
objective scenarios and the automatic switching of the ATS. The first scenario represents the 
situation in which both supplies are available. Thus no power transfer is needed as the preferred 
source continues to supply the lamp. In the second scenario, since the MPS is absent, the ATS 
initiates switching and transfers the supply of the loads from the HPS to the SPS. It also 
accounts for the situation when the HPS is restored after a power failure and hence the ATS 
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switches the supply of the loads to the HPS since it the priority source.  Lastly, the third scenario 
represents either the unavailability of the two power supplies or the situation in which the ATS 
is not connected to the two power supplies and electrical loads. Consequently, the loads are not 
supplied by the ATS, and no switching action is carried out. It should be noted that the third 
scenario also represents the ATS in a bypass isolation state. This a user-configurable state in 
which both supplies are isolated from the ATS system and loads during maintenance 




Figure 5.2. The state of the ATS in (a) Scenario 1, (b) Scenario 2 and (c) Scenario 3 
The LCD depicts the ATS state in the three scenarios in Figure 5.2 above. Moreover, the 
voltages of the HPS and SPS as well as the particular source supplying the lamp are displayed. 
Also, the date and time of the day can equally be displayed if required by the user. The 
following elucidates all the details on the LCD concerning these three scenarios: 
 Figure 5.2 (a) represents the LCD showing information when the ATS is operating in 
the first scenario. The visible voltages of HPS and SPS indicate the availability of both 
supplies, and thus the lamp is supplied by the HPS which is the priority source. The 
displayed voltage values reckon the precise voltages provides by the two supplies at a 







results in a corresponding change in the values displayed by the LCD. In other words, 
the proposed ATS has a digital multimeter functionality. 
 Figure 5.2 (b) denotes information during the second scenario. This is the scenario in 
which the hydroelectric source (HPS) experiences power failures or outages and its 
unavailability is represented by the 0V next to the HPS. Accordingly, the ATS ensures 
a ceaseless supply of the lamp utilizing the solar source (SPS). 
 Figure 5.2 (c) indicates the third scenario. A 0V is displayed next to the HPS and SPS 
implying that both supplies are unavailable. This is an unpleasant situation caused by 
the occurrence of power failures on the HPS and SPS. Again this scenario also stands 
for the ATS being in a bypass isolation state, an intentional function set aside for 
maintenance operations on the distribution network. Ideally, the solar supply (SPS) 
shall be available to supply the load during power failures. Therefore, the ATS shall 
only experience the third scenario during maintenance operations. 
In short, the tests performed on the ATS system as well as the achieved results especially on 
the scenarios demonstrates the functioning of the proposed ATS design. 
5.4.2 Switching 
The ATS’s high-speed switching of the lamp (load) was achieved using triacs. The ATS makes 
use of two snubberless triac circuits which in turn account for switching between the HPS and 
SPS. The Arduino Mega 2560 triggers the two triacs (triac 1 and triac 2) with a positive pulse 
so they can conduct and have current flow through them via their main terminals (MT1 and 
MT2). However, these triacs will turn off when deemed necessary by the Arduino Mega 2560 
during a power failure and before a switching operation. Also, they will keep blocking current 
and voltage in the absence of a gate pulse. triac 1 is connected to the hydroelectric source 
whereas triac 2 is linked to the solar source. In the normal ATS state of operation, triac 1 is on 
while triac 2 is off, hence the lamp is supplied with the hydroelectric supply (HPS). Figure 5.3 
below shows the behavior of triac 1 once the ATS is initially switched on. For more information 
on the waveform in Figure 5.3 refer to Appendix C. 
95 
 
Figure 5.3. The waveform of triac 1 (blue) conducting when initially supplying the lamp with 
the HPS 
The waveform above starts from the beginning of the simulation and it shows as triac 1 
conducts to supply power to the lamp. In the first instance, once the ATS is turned on, triac 1 
immediately supplies the lamp after a 3.225 msec duration. 
In the occurrence of a power failure on the HPS; hydroelectric source, the Arduino Mega 2560 
triggers the gate of triac 2 after 2 msec. This is an intentional time delay programmed in the 
software with the purpose to prohibit a switching operation in the event of momentary 
interruptions or voltage dips. On the other hand, when the Arduino Mega considers the 
interruption on the HPS as a power failure or the supplied voltage gets out of the acceptable 
range (180 - 230V), the Arduino removes the gate pulse from triac 1, then it triggers triac 2 
which in turn conducts and supplies the lamp with the solar source. To add, triac 2 switches on 
and supplies current to the lamp within 2.58 msec. It should be noted that a reduction in the 
2msec intentional time delay leads to a decrease in switching speed (less than 580us). Figure 
5.4 below depicts the waveform of triac 2 after a power failure together with triac 2 supplying 







Figure 5.4. The waveform of triac 2 (green) conducting after a power failure and supplying 
the lamp with the SPS 
Similarly, when the hydroelectric power supply (HPS) was restored, the ATS delayed for 
another 2msec to verify its permanence. No switching action occurs should the restoration be 
momentary.  Whereas, when the HPS was fully restored then the ATS disconnects and prevents 
the SPS from supplying the lamp. At the same instant, the ATS initiates a switching operation; 
it retriggers the gate of triac 1 thereby retransferring the supply of the lamp in 2.258 msec to 
HPS; the preferred source. Furthermore, reducing the 2msec intentional time delay set in the 
Arduino Mega 2560 results in a decrease in the switching speed from the SPS to the HPS to 
less than 1msec.  
5.4.3 Comparison of results 
Every system is characterized by design or development challenges. In the same light, 
designers of automatic transfer switches have encountered multiple challenges in conceiving 
ATSs (see Previous work pg.28). For instance, the limiting performance of the chosen 
components such as contactors and relays, long switching speed, and high cost. The proposed 
ATS design aids in subduing these issues. 
A comparison of previous designs with the proposed ATS design in this study proves that our 
ATS model has a faster switching speed (less than 2.58msec). Unlike the others, our design 
integrates storage and IoT applications via Bluetooth and GSM along with the entire operations 




In short, Table 5.4 recapitulates the results of the proposed ATS of this research study and 
equally shows the output reactions in response to the inputs. 
Table 5.4. Summary of the ATS system’s results 




First Available Available No 
Supplied 
with HPS 
Green Off Displays 
Second Absent Available Yes 
Supplied 
with SPS 
Blue Off Displays 
Third Absent Absent No 
Not 
supplied 
Red On Displays 
5.5 Conclusion 
Chapter 5 is the main output area, where results are recorded and the entire process of 
implementation and testing is reviewed. It’s wholly quantitative it returns results of the 
technical implementation of the project. The results also serve as the validity of the research as 
they prove how accurate the hypothesis of the research was, and the degree to which it was 




CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 General Conclusion 
An ATS design capable of swiftly switching and transferring power from the utility 
(hydroelectric) supply to the alternate (solar) supply is presented in this paper. High-speed 
switching is achieved by using triac circuits. The ATS switches and transfers power between 
the two supplies within a 2.58 msec duration. The digital multimeter conversion algorithm 
ensures the conversion, and the display of the voltages of the two power supplies on the LCD 
in real-time. Equally important is the integration of a storage device for storing data as well as 
a Bluetooth module for wireless communication. Moreover, the ATS design is protected from 
surges and the included bypass isolation option is useful for maintenance operations on either 
the load or power supplies. It should be noted that if the 2 msec intentional delay within the 
Arduino Mega 2560 is reduced then the ATS switching speed will be less than 580µsec. 
Overall, the ATS performed in line with stipulated conditions. In the future, we will realize the 
proposed ATS using hardware and test its performance based on experiments. 
6.2 Recommendations 
6.2.1 Additional features 
A Wi-Fi module or wired Ethernet/optic fiber connection can be included in the ATS design. 
The objective is to facilitate the transmission of data to a server. In turn, the data shall be 
recovered at a remote location and used for optimization purposes. 
Although the above recommendations are beneficial, an additional cost shall be incurred should 
they be implemented. Thus increasing the overall cost of the ATS. 
6.2.2 Installation and application 
The proposed ATS was designed for low voltage AC circuits. It is to be installed in a 2 phase 
power system network. The ATS must be installed and interfaced with two power supplies and 
electrical loads. In our research study, we used a 220V hydroelectric power supply as the main 
supply (MPS), 220V solar supply power supply as the alternate (APS), and a 220V lamp to 
represent the load. During the installation of an ATS, it is a good and indispensable practice to 
include further protection of the network such as circuit breakers, fuses, and surge protective 
devices before ATS and where necessary. According, IEE Std C62.72 and Ransom [47], surge 
protective devices (SPDs) e should be used on the two power supply sides as well as on the 
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load side for additional protection of the ATS. The application of SPDs increases the reliability 
of the facility in which the ATS is installed. Figure 6.1 represents a typical ATS application 
with SPDs. 
 
Figure 6.1. Single line diagram of typical ATS installation 
Automatic transfer switches operate independently without human intervention and eliminate 
the operator errors which are prone in manual transfer switches. ATSs can be installed in a 
variety of applications of power systems. Some of these applications include emergency 
systems, important systems, critical systems, legally required systems, and optional standby 
systems. A thorough understanding of the particular system in which the transfer switch must 
is required and necessary to ascertain the ATS to be applied and its specifications. 
The classification of loads in low voltage distribution systems is based on priorities and 
importance set by policymakers and power utility companies. In other words, loads grouped 
into families namely; normal loads, emergency loads, important loads, and critical loads. 
Normal loads are common loads and they are generally supplied by the main power source. All 
100 
 
these load categories are often connected to main power supplies and standby systems. Standby 
systems are independent sources of power that are connected to loads to ensure a continuous 
supply of power in all situations when the main power fails. Examples of standby systems 
include emergency systems, critical operations power systems, and essential systems (systems 
that support health care facilities). ATSs are used to transfer power from the primary source to 
standby systems. Accordingly, the choice of an ATS, its equipment, and/or required number 
for standby systems are based on design, reliability, and load considerations that must be in 
line with standards and codes. Therefore, ATSs must transfer power from these load categories 
located in distribution systems between the main power source and standby systems or alternate 
sources. 
6.3 Future work 
ATS with parallel switchgear mechanism 
Electrical energy is generated from many different sources. Preference is on renewable energy 
sources due to the need to reduce global warming caused by carbon emissions together with 
the need for sustainability. With this in mind, the development of an automatic transfer switch 
capable of handling multiple sources and automatically channeling the generated electricity to 
smart grids is necessary and beneficial. All the power sources will be homogenized and 
connected to the main bus. In turn, will enable the aggregate capacity of these sources to be 
utilized. For this reason, the power sources will have to be synchronized. Also, the frequency, 
voltage, phase angle, and phase rotation must be within prescribed limits required for the 
sources to be paralleled together. The parallel switchgear mechanism would be configured to 
be a standalone transfer switch module. It can equally be integrated with other devices such as 
motorized circuit breakers and programmable logic controllers to operate and prioritize 
distribution loads. The system will be configured to have a smart high-speed scheme to handle 
transfer operations to all loads. Load maintenance and priorities will be established to ensure 
that the highest priorities are provided with standby/backup power within specified time frames 
to comply with transfer requirements. An added advantage is the possibility to supply 
nonessential loads. Priority will be given to important and critical loads. Then lastly, it shall be 
given to supply nonessential loads depending on the availability of power as assessed by the 
smart ATS system. Furthermore, the system will be sophisticated and offer functions like high-
level metering, soft transfers, generator off-loading, and many others. Nevertheless, it is 
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Proposed ATS’s Source Code. 
 
// include the library code: 
#include <LiquidCrystal.h> 
 
// initialize the library by associating any needed LCD interface pin 
// with the arduino pin number it is connected to 
const int rs = 22, en = 23, d4 = 24, d5 = 25, d6 = 26, d7 = 27; 
LiquidCrystal lcd(rs, en, d4, d5, d6, d7); 
 
int mainSourcePin = A0; //Select the input pin for the main voltage source 
int triacMainPin = 41; //select the pin for the TRIAC MAIN SOURCE 
int mainSourceValue = 0;  // variable to store the value coming from the main source 




int auxSourcePin = A1;  //Select the input pin for the auxilary voltage 
int triacAuxPin = 40;  //Select the pin for the TRIAC AUX SOURCE 
int auxSourceValue = 0; //variable to store the value coming from the auxilary source 






int red = 35; 
int yellow = 34; 
#define buzz 38 
 
const int minVoltage = 180; 
const int maxVoltage = 230; 
 
void setup() { 
  //declare triacMainPin and triacAuxPin as OUTPUTS 
  
  pinMode(triacMainPin, OUTPUT); 
  pinMode(green, OUTPUT); 
   
  pinMode(red, OUTPUT); 
  pinMode(yellow, OUTPUT); 
 // pinMode(buzz, OUTPUT); 
   
  pinMode(triacAuxPin, OUTPUT); 
  pinMode(blue, OUTPUT); 
   
  // put your setup code here, to run once: 
  Serial.begin(9600); 
  lcd.begin(20, 4); 
  // Print a message to the LCD. 
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  lcd.setCursor(8, 0); 
  lcd.print("ATS"); 
  lcd.setCursor(0, 3); 
  lcd.print("LOAD SPLD by:"); 
   
} 
 
void loop() { 
  // put your main code here, to run repeatedly: 
 
  //read the value from the main source 
  mainSourceValue = analogRead(mainSourcePin); 
  delay(10); 
  mainSourceValue = analogRead(mainSourcePin); 
  delay(10); 
  mainVoltage = (mainSourceValue*5.0)/1024; 
  mainDisplayVoltage = mainVoltage*44; 
  lcd.setCursor(0, 1); 
  //print the main display voltage 
  lcd.print("HPS: ");  
  lcd.print(mainDisplayVoltage); 
  lcd.setCursor(11, 1); 
  lcd.print(" V"); 
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  auxSourceValue = analogRead(auxSourcePin); 
  //delay(10); 
  auxSourceValue = analogRead(auxSourcePin); 
  //delay(10); 
  auxVoltage = auxSourceValue*5.0/1024; 
  auxDisplayVoltage = auxVoltage*44; 
  lcd.setCursor(0, 2); 
  //printing the auxilary display voltage 
  lcd.print("SPS: "); 
  lcd.print(auxDisplayVoltage); 
  lcd.setCursor(11, 2); 
  lcd.print(" V"); 
   
  if (((mainDisplayVoltage >= minVoltage) && (mainDisplayVoltage <= maxVoltage))&& 
((auxDisplayVoltage >= minVoltage) && (auxDisplayVoltage <= maxVoltage))) { 
      delay(100); 
      digitalWrite(triacMainPin, HIGH); 
      digitalWrite(green, HIGH); 
      digitalWrite(triacAuxPin, LOW); 
      digitalWrite(blue, LOW); 
      digitalWrite(red, LOW); 
      lcd.setCursor(13, 3); 
      lcd.print(" ");  
      delay(10); 
      lcd.print("HPS "); 
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  } 
   
  if((mainDisplayVoltage < minVoltage) && (mainDisplayVoltage < auxDisplayVoltage)) { 
      digitalWrite(triacMainPin, LOW); 
      digitalWrite(green, LOW); 
      digitalWrite(red, LOW); 
      delay(400); 
      digitalWrite(triacAuxPin, HIGH); 
      digitalWrite(blue, HIGH); 
      lcd.setCursor(13, 3); 
      lcd.print(" ");  
      delay(10); 
      lcd.print("SPS "); 
   } 
 
   if((mainDisplayVoltage < minVoltage) && (auxDisplayVoltage < minVoltage)) { 
    delay(100); 
    digitalWrite(triacMainPin, LOW); 
    digitalWrite(triacAuxPin, HIGH); 
    digitalWrite(red, HIGH); 
    digitalWrite(blue, LOW); 
    lcd.setCursor(13, 3); 
    lcd.print(" ");  
    delay(10); 
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    lcd.print("NONE"); 
    digitalWrite(buzz, HIGH); 
    tone(buzz, 1000); 
    delay(1000); 
    noTone(buzz); 
    }  
    /*if((mainDisplayVoltage > minVoltage) && (auxDisplayVoltage < minVoltage)){ 
    delay(500); 
    digitalWrite(triacAuxPin, LOW); 
    digitalWrite(blue, LOW); 
    digitalWrite(red, LOW); 
    delay(600); 
    digitalWrite(triacMainPin, HIGH); 
    digitalWrite(green, HIGH);*/  
     
    /*else { 
      digitalWrite(yellow, HIGH); 
      }*/ 
       
} 
 
 
 
 
 
